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ABSTRACT
Axisymmetric Bi-Propellant Air Augmented Rocket Testing with
Annular Cavity Mixing Enhancement
Allen Andrei Cristian Capatina
Performance characterization was undertaken for an air augmented rocket mixing duct with annular cavity
configurations intended to produce thrust augmentation. Three mixing duct geometries and a fully annular
cavity at the exit of the nozzle were tested to enable thrust comparisons. The rocket engine used liquid
ethanol and gaseous oxygen, and was instrumented with sensors to output total thrust, mixing duct thrust,
combustion chamber pressure, and propellant differential pressures across a Venturi flow measurement
tube.
The rocket engine was tested to ~65 𝑙𝑏𝑓 thrust maximum, with three different mixing ducts, three major
combustion pressure sets, and a nozzle exit plane annular cavity (a grooved ring). The combustion
pressures tested were ~400 𝑝𝑠𝑖, ~550 𝑝𝑠𝑖, and ~680 𝑝𝑠𝑖 allowing for a nozzle pressure ratio range of
~27 − 47 relative to 14.7 𝑝𝑠𝑖 ambient pressure. The engine operated very consistently and its mixture
ratio was fuel rich throughout all the tests performed; however, pressure losses in the feed system prevented
higher combustion pressures from being tested.

Three mixing ducts of the same outer diameter were tested. The short and diverging ducts were the same
length (~4 𝑖𝑛) and the long duct was ~10 𝑖𝑛 long. The short and long ducts created positive mixing duct
thrust and the diverging duct created negative mixing duct thrust. The long duct case showed better
performance than the no duct case when the total thrust was divided by combustion pressure and nozzle
throat area. The long duct always created several times more mixing duct thrust than either the short or
diverging ducts, but none of the mixing ducts created positive overall thrust augmentation in the over
expanded cases tested. The mixing duct thrusts ranged between −0.6 𝑙𝑏𝑓 and +3.3 𝑙𝑏𝑓. As the combustion
pressures were increased, getting closer the nozzle’s optimal expansion, the mixing duct thrusts started
converging, indicating a difference between nozzle operation at over expanded and under expanded.
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The annular cavity had a noticeable effect on the thrust of the engine and the appearance of the plume. The
total thrust of the system was decreased by a maximum of ~1 𝑙𝑏𝑓 and the plume was more sharply defined
when the annular cavity was attached. Better mixing between the primary (engine exhaust) flow and the
secondary (ambient air) flow was promoted by the annular cavity because it increased the shear layer’s
turbulence and increased the mixing duct thrust. The greater mixing also allowed for secondary combustion
which made the plumes more sharply defined. The annular cavity was also seen to enhance the mixing duct
thrusts for all three mixing ducts.
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1.

Introduction

Research and experimentation with air augmented rockets and work on inducing large turbulence in the
flow coming out of a rocket engine has been done but it pales in comparison to the efforts put into typical
rocket engines. The background on air augmentation with a mixing duct and induction of turbulence into a
rocket engine’s exhaust is important to this current report and are thus presented. The current work focuses
on testing of several mixing duct geometries, large turbulence inducing ring at the exit plane of the rocket
engine’s nozzle, and multiple combustion pressure groups. The augmentation mixing duct and the large
induced turbulence concepts went hand in hand and were experimentally tested to show evidence of system
thrust augmentation.

1.1

Why Research Air Augmented Rockets

The Air Augmented Rocket (AAR) is a mode of the Rocket Based Combined Cycle (RBCC) propulsion
which has been a field of interest in the propulsion world for many years. Continued work on RBCC holds
the possibility to revolutionize launch vehicle capabilities, making them more efficient, less expensive, and
even reusable. AAR’s have the possibility to be a very simple, easy to implement, robust, and one of the
less expensive modes of RBCC. The advantages of AAR’s also allow them to be implemented and
experimented with by programs at the university level.
An AAR is simply a ducted rocket. The basic configuration and main components of an AAR are
diagramed in Figure 1 by Gist (1). The primary flow coming out of a rocket engine exits the nozzle and
forms a shear layer with the secondary flow. The shear layer forms on the primary plume boundary, where
mixing and energy exchange between the primary and secondary flows occurs.
The plume coming out of the engine works to compress and accelerate the secondary, ambient air. The
compression and acceleration increases the total mass flow going through the system and if the rocket
engine burns fuel rich or there is secondary fuel injection, the mixing of ambient air into the primary flow
allows for energy release from the unused or injected fuel. The secondary energy release, or afterburning,
causes the flow to expand further and increase in velocity. Thus the thrust from the system is increased
because the final velocity and mass flow rate increase. The specific impulse of the engine would be
increased since the same amount of propellant would have produced more thrust.

1

Figure 1: AAR configuration diagram showed the different flows and their paths (1).
AAR technology, if developed further, could make the dream of Single Stage to Orbit (SSTO) a reality.
The idea of SSTO is something engineers have wondered about for a long time as a way to reduce costs
making space travel orders of magnitude less expensive than present standard costs. Reliability would also
be increased since having a one stage launch vehicle would reduce the number of possible points of failure.
Increasing reliability and reducing cost SSTO, could allow the average middle class citizen access to space
travel. Figure 2 presented by Foster et al. highlights the theoretical higher efficiency of the AAR mode (2).
There is interest in making AAR’s possible engine configurations for cheaper, better launch vehicles.
Jonathan Pickrel who was an Aerospace Engineer from the NASA Dryden Flight Research Center was one
such person with interest in AAR’s.

2

Figure 2: Speed and efficiency of various flight options. AAR has a significantly higher
efficiency than typical rockets.

1.2

AAR Work and Research

Since the late 1990’s there has been AAR research at Cal Poly. In addition to experimental and theoretical
work that has been done at Cal Poly, several other organizations have looked into the AAR and RBCC
subjects.
Foster et al. focused on analysis of past work on RBCC engine systems, the selection of five engines for
more evaluation, and investigation of design approach alternatives to integrate the five engines into a
launch vehicle. Engine to vehicle integration, vehicle structure and other subsystems, thermal protection
systems, and crew compartment and payload integration were considered in the study of vehicle
integration. Several possible designs evolved from the work and were further refined with trajectory and
aerothermodynamic analysis, in support of the thermal protection system (2). The assembled report showed
RBCC to be a feasible method for increasing the specific impulse of high velocity (launch) vehicles. The
AAR mode of RBCC was shown to be an important and valuable area of study for increasing specific
impulse.
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Graduate students at Cal Poly have researched and tested 2D planar AAR’s and one axisymmetric. Most
notably with 2D research and testing Fabri choking and Fabri blocking were explored. Fabri choking is the
name for choking of the secondary flow in an AAR. Once choked the flow supersonically expands
increasing the total mass flow rate and average velocity of the mass exiting the AAR engine. Fabri blocking
is similar to choking; however, it blocks the secondary flow and is a detrimental condition. Fabri blocking
is analogous to stalling a jet engine. Both Fabri choking and blocking occurred at a minimum pressure
ratio, first choking and then blocking. Reaching the minimum pressure ratio and Fabri choking is essential
for making an AAR function.
Gist and Foster conducted extensive testing of a 2D rocket engine and air augmenting mixing duct. They
tested up to 2,000 𝑝𝑠𝑖 combustion chamber pressure and found that past a minimum pressure ratio (

𝑃𝑐
𝑃𝑎𝑚𝑏

)

the secondary flow would choke and as the ratio continued to increase the secondary flow would become
blocked. The minimum pressure ratio to cause secondary flow choking was determined to be 80 (3).
Further work on 2D AAR research was conducted by Josef Sanchez, Brett Morham, Trevor Montre, and
Martin Popish.
Smith et al. used multiple linear regression analysis to build parametric models investigating rocket
chamber pressure, rocket exit area ratio, injected secondary flow, mixing duct inlet area ratio, mixing duct
area ratio, and mixing duct length to inlet diameter ratio. The models were run with a computational fluid
dynamics (CFD) program to obtain a vacuum specific impulse. The specific impulses were compared and
showed that increasing mixing duct area ratio and rocket area ratio increase specific impulse, while
increasing mixing duct inlet area ratio and mixing duct length to diameter ratio decrease performance (4).
Chamber pressure was reported to not have a significant impact on performance, however, the chamber
pressure was optimally or under-expanded to the pressure of the secondary flow, never over-expanded. The
investigated variables were well chosen because most of them are non-dimensional while still fully
characterizing a simple duct. The non-dimensional values served as a starting point for Johnson in the
design and testing of his ducts. Furthermore, the non-dimensional values complemented with Johnson’s
work serve as the starting point for the design and testing of this report’s ducts.

4

Johnson continued the work done on 2D testing of AAR’s and moved the testing to a 3D axisymmetric
engine. Mixing duct thrust and total thrust were measured, the engine could run a nominal 20 𝑙𝑏𝑓 of thrust
for a calculated 300 𝑝𝑠𝑖 combustion chamber pressure and two different mixing duct profiles were tested
(5). The engine primary mass flow rate maximum was 0.00264

𝑠𝑙𝑢𝑔
𝑠

. Two mixing ducts were made and

tested, a straight wall and a diverging wall mixing ducts. The straight wall duct was able to achieve an
average 0.97 𝑙𝑏𝑓 and the diverging wall duct averaged about 0.18 𝑙𝑏𝑓 of thrust. However, the addition of
the duct negatively impacted the system’s total thrust. The base area at the nozzle end of the engine was
believed to be the main reason for this reduction in performance. The base area is the area difference
between the engine’s cross sectional area and the nozzle’s exit area. Several other compounding factors
included: the duct inlet diameter was too small because it did not account for the base area and the
combustion pressure to ambient pressure ratio was too low to get near Fabri choking. The combustion
pressure was never directly measured and was most likely lower than the calculated 300 𝑝𝑠𝑖.
For ease of reference the mixing ducts Johnson tested were called “diverging duct” and “short duct”. The
current report also uses the diverging and short duct terminology along with “long duct” to refer to a
mixing duct that was designed longer than the diverging and short ducts, and “no duct” to refer to no
mixing duct attached to the system.

1.3

Flow Over a Cavity

The mixing and entrainment in an AAR occurs in the shear layer between the primary and secondary flows.
The shear layer is a critical key to making an AAR work. As described by Papamoschou, the shear layer
and mixing are governed by the instability of the turbulent large-scale structure which is formed by the
difference in physical properties and velocities of two flows (6).
To improve AAR performance the compressible shear layer growth rate and mixing of the primary and
secondary flows must increase. Further work by Papamoschou together with Roshko points out that with
supersonic compressible flows (as is the case in an AAR engine) the shear layer growth rate decreased as
free-stream Mach number increased (7). However, Smits and Dussauge said the lower mixing rate in the
shear layer when the free-stream Mach number was high is still considerable and allows the primary and
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secondary flows to interact (8). If the compressible shear layer growth and mixing rates could be forced to
grow faster with a small addition, an AAR system would benefit greatly.
Throughout the 1950’s and 1960’s there was interest in understanding what happened when a high speed
flow went over a cavity. Rossiter explained the interest was directed toward understanding the pressure
oscillations and vibrations excited in the bomb bays of airplanes (9). Rossiter’s work along with several
others including Krishnamurty and Plumblee et al. paved the way to understanding and predicting the
principal excitation frequency for a cavity with a specific set of dimensions and flow properties going over
said cavity. As the airspeed over a constant depth cavity increases and the length of the cavity decreases,
the frequency in the cavity and acoustic radiation would increase.
For the purposes of this study, a cavity refers to a simple groove, pocket, or channel with the open face
parallel to the flow direction. As the flow travels passed the cavity a resonant pressure oscillation is
established in the cavity and interacts with the flow that created it. Figure 3 illustrates the basic shape of a
simple rectangular cavity with the flow going parallel to the opening of the cavity. For a simple, rectangular
2D cavity if the length to depth ratio is 1 or less, the excited frequencies would have one peak in the
amplitude spectra that is much larger than the other peaks and as the airspeed increases this peak frequency
also increases (9). Along with pressure oscillations and corresponding acoustic radiation, the flow over a
cavity is also observed to be more turbulent after passing over the cavity. The turbulent nature of the flow
can be seen in the swirls which propagate across Figure 3. The greater turbulence increases the mixing rate
of the flow when it encounters another fluid.
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Figure 3: Flow going over a simple 2D cavity. The top arrow shows the direction of the flow, the
other arrows illustrate the depth and length dimensions of a rectangular cavity (9).
In the late 1990’s researchers Yu and Schadow at China Lake, California continued the research of how
flow behaves over a cavity. However, they focused on flows over cavities placed at the exit of a rocket
engine nozzle instead of bomb bays, and found if a flow went over a cavity and then encountered a second
flow the shear layer would grow faster (10). They tested several different cavities, with different flow
properties, and were able to non-dimensionalize cavity dimensions. A jet preferred mode was determined
that would result in a specific frequency being radiated and the shear layer growth rate being increased to a
maximum. In addition, to increasing the shear layer growth rate the cavity also caused the jet from the gas
generator (i.e. rocket engine) to afterburn if the jet was fuel-rich and the frequency generated was at or
above the jet preferred mode frequency. An equation that was used by Rossiter was found to be the best
predictor for a jet’s frequency given a simple rectangular cavity’s dimensions and flow gas properties. The
equation used is adapted and follows as Equation 1-1.
𝑓𝐿
𝑚−𝛼
=
1
𝑈
𝑀+
𝐾𝑐
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1-1

Figure 4 is an illustration of the setup from the report written by Yu and Schadow. Straight rectangular,
semi-annular and fully annular cavities were investigated. The flow excitation at the exit of a supersonic
discharge is seen as large gray swirls in the Mach 2 jet after it passes over the straight rectangular cavity.

Figure 4: Illustration of the gas generator testing done by Yu and Schadow (10).
The use of a cavity to increase the shear layer growth rate and cause afterburning goes hand in hand with
the use of a mixing duct to form an AAR. The cavity causes the primary flow from a fuel rich engine to
have an increased shear layer growth rate and greater entrainment of secondary flow, higher mixing and
afterburning releases energy, and the mix expands pushing on the mixing duct creating more thrust for the
same amount of primary propellants.

1.4

Objective and Intent

The focus of the current report is to characterize the performance of the mixing duct and annular cavity
configurations to serve as a baseline for future work. The major objectives were to test three mixing duct
geometries and a fully annular cavity at the exit of the nozzle to produce evidence of thrust augmentation.
A liquid ethanol and gaseous oxygen supplied rocket engine was designed and instrumented to output
measurements of total thrust, mixing duct thrust, combustion chamber pressure, and individual propellant
differential pressures across Venturi flow tubes that allow for mass flow rate calculation.
In support of the major objectives were several sub-goals. The first sub-goal was to improve the base area
of the engine. The base area at the nozzle end of the SCAARD engine was large causing the lower pressure
secondary flow to pull the engine downward when a mixing duct was attached (5). The base area of the
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current engine was reduced as much as possible by reducing the outer diameter of the engine and increasing
the exit area of the nozzle. The design combustion chamber pressure was 1,000 𝑝𝑠𝑖 to increase the nozzle
exit area and to get closer to the minimum pressure ratio required for Fabri choking of the secondary.
Burning at or near the stoichiometric mixture ratio creates more heat than the engine can handle and cause
the engine to melt. Burning oxidizer rich would be detrimental because the combustion chamber and nozzle
could oxidize catastrophically. Burning fuel rich makes sense from the standpoint of engine longevity.
Burning fuel rich allows for insight to be drawn from testing with the cavity since Yu and Schadow saw
greater afterburning of fuel rich plumes. Thus the engine was tested while burning fuel rich.
The design of the annular cavity is explained in detail in a further section, but for reference the cavity
configuration is referred to as the “ring” configuration. Furthermore, “no ring” means the nozzle has
nothing attached, “solid ring” means there is a solid graphite ring with no groove (no cavity) attached to the
nozzle, and “C-ring” means there is a grooved graphite ring (a cavity) attached to the nozzle.
Table 1 shows an empty test matrix intended to be used for testing and data organization. The matrix is
constructed around the mixing ducts, rings, and pressure sets. The nine pressure sets are based on the
combustion pressure obtained when the supply cylinder regulators are set to specific pressures before each
test. The sets are intended to test the system at distinct nominal combustion pressures. When the engine is
combusting, the sets are set up to test with two levels of fuel richness while the combustion pressure is still
in the pressure set. The fuel richness of the mixture ratio is controlled by setting the oxygen regulator
50 𝑝𝑠𝑖 lower when a more fuel rich test is desired. Pressure sets 1 and 2 will be ~400 𝑝𝑠𝑖, sets 3 and 4 will
be ~ 530 𝑝𝑠𝑖, and 5 and 6 will be ~ 680 𝑝𝑠𝑖 combustion pressure. Sets 2, 4, and 6 are run more fuel rich
than sets 1, 3, and 5. The filled cells of Table 1 show the test numbers which correlate to the tests that were
done and are fully documented in the matrices in Appendix N.
Four of the tests in Table 1 were conducted as cold flow tests and are under pressure set 0. These tests were
done in addition to the regular combusting test fires in the other pressure sets. The cold flow tests were
conducted exactly like tests with combustion except no ethanol was in the fuel tank, only nitrogen and
oxygen gas were in the feed system and fired from the engine. With no ethanol there was no combustion
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and hence the term cold flow. The cold flow tests have “cold” appended to the test number and only
reached ~100 𝑝𝑠𝑖 in chamber pressure.
Testing above ~680 𝑝𝑠𝑖 could not be done because the pressure loss across the feed system and the injector
manifold assembly was about five times greater than planned. The pressure loss was designed to be ~20%
of the combustion pressure so the feed pressure would have to be ~1,200 𝑝𝑠𝑖. However, in reality the feed
pressure would have had to be ~2,000 𝑝𝑠𝑖 for the combustion pressure to be 1,000 𝑝𝑠𝑖. Preliminary tests
attempting to reach 1,000 𝑝𝑠𝑖 combustion pressure were stopped after reaching ~750 𝑝𝑠𝑖 because in the
next higher pressure test the injector manifold assembly spread apart enough for ethanol to leak into the
oxygen feed channel, combust in the assembly, and erode the sealing gasket. The tests for this current
report were conducted to a maximum of ~680 𝑝𝑠𝑖 and the nozzle was always operating over-expanded.

Table 1: Planned test matrix.
Nozzle Expansion
Over

Optimally

Under

#7
𝑃𝑐 ~1,000

#8
𝑃𝑐 ~1,200

Pressure Set (𝑝𝑠𝑖)
#0
𝑃𝑐 ~100

#1
𝑃𝑐 ~400

#2
𝑃𝑐 ~400

#3
𝑃𝑐 ~530

#4
𝑃𝑐 ~530

#5
𝑃𝑐 ~680

#1cold

#1

#13

#25

#40

#55

Solid
Ring

#2

#14

#26

#41

CRing

#6

#18

#27

#42

No
Ring

#10

#22

#34

#39

Solid
Ring

#4

#15

#31

#46

CRing

#8

#19

#28

#43

No
Ring

#11

#23

#35

#38

Solid
Ring

#3

#16

#32

#47

CRing

#7

#20

#29

#44

No
Ring
No Duct

Diverging
Duct

Short Duct

Long Duct

#6
𝑃𝑐 ~680

No
Ring

#12cold

#12

#24

#36

#37

#53

#54

Solid
Ring

#6cold

#5

#17

#33

#48

#51

#50

CRing

#7cold

#9

#21

#30

#45

#52

#49
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2.

Engine, Mixing Ducts, and Cavity Design

The ethanol and oxygen fed engine was designed specifically for this current report’s testing. The engine
previously used by Johnson was not adequate enough but was used as a point of insight. The ducts and
cavity were also designed alongside the new engine.

2.1

Engine

The engine was designed using several resources including Johnson, Huzel, Sutton, Young, John, and Muss
(5) (11) (12) (13) (14) (15). The goals for the engine design and construction were 100 𝑙𝑏𝑓 of thrust,
1,000 𝑝𝑠𝑖 combustion pressure, integrated spark plug ignition, combustion chamber pressure measurement,
smaller outer diameter (OD) relative to the SCAARD engine, and gradually tapered the OD of the engine to
the exit diameter of the nozzle. The new engine from here further is referred to as the Air Augmented
Rocket Large Induced Turbulence Engine or AARLITE for short.
The final engine design was rendered in SolidWorks. Figure 5 shows a rendering with the diverging duct
and C-ring attached. The mixing duct, C-ring, and part of the nozzle are sectioned to show how the
secondary flow enters the duct. The callouts in the figure point out the major components. The inlet plane
to the mixing duct coincides with the exit plane of the nozzle when no ring is attached. However the
configuration in Figure 5 shows that when a ring is attached the mixing duct inlet plane coincides with the
exit plane of the ring. The machining of all the parts was done by Allen Capatina, George Georgiou, Joe
Vanherweg, and Kyle Rosenow in the Cal Poly Mechanical Engineering Student Machine Shops, the
Hangar and Mustang ’60.
Figure 6 shows a close up picture of the finished engine with several wrenches for scale reference. The
middle open end wrench is a 3/4 𝑖𝑛. The second picture in the figure shows the assembled engine attached
to the test stand ready to fire.
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Manifold

Injector

Secondary
Flow

Outer Engine
Shell

Nozzle
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Nozzle
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Mixing
Duct Inlet
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C-Ring

Mixing
Duct Outlet
Plane

Diverging
Mixing Duct

Figure 5: Partial section view of the engine’s nozzle, C-ring, and diverging duct. Burgundy
components were made of copper, the gray components were made of steel, and the black
component is graphite.
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Figure 6: Engine pictured in the lab. The top picture is a close up of the engine with
wrenches nearby for scale and the bottom picture is of the engine attached and prepared on
the test stand for firing.

2.1.1

Engine Performance Design

The remaining engine parameters were identified after the propellants, the combustion pressure, and the
thrust were chosen. Liquid ethanol and gaseous oxygen were chosen as the design propellants because they
are easy to obtain. The design combustion pressure is 1,000 𝑝𝑠𝑖 with 100 𝑙𝑏𝑓 thrust.
The properties of the combustion process were found thanks to help from Muss of Sierra Engineering Inc.
(15). He allowed the use of a program called Combustion Equilibrium Application (CEA) to predict the
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combustion temperature and gas properties given the fuel and oxidizer pressure and mixture ratio. A set of
inputs and outputs are displayed in Table 2 and a full input file can be seen in Appendix H. The input files
are simply text files with an “.inp” suffix which the CEA terminal window takes in for input and the puts
out the calculated data to an “.out” suffix text file.

Table 2: The set of the data generated using the CEA program. The input file also contained the
“RO” keyword to make CEA perform the proper calculations.
Input file parameters
Combustion
Pressure (𝑝𝑠𝑖; 𝑃𝑎)
1,000; 6.89 × 10
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Propellants

Mixture Ratio
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

Combustion
Temperature
(𝐾; °𝑅)

2.1

3490; 6282

Oxygen;
Ethanol

Output file parameters
Molar Mass of
1
Products ( )
𝑚𝑜𝑙

Ratio of
Specific Heats
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

24.8

1.19

The results from CEA were used to calculate the rocket engine performance values and are presented in
Table 3. The full calculations for the results are presented in Appendix I and were made possible thanks to
work published by Huzel, Sutton, and John (11) (12) (14). The final dimensions of the engine were
obtained after calculating the structural margins with methods published by Huzel and by Young (11) (13).
The thermal margins required for safe and reliable operation and orifice sizing of the injector were also
analyzed with help from Huzel and from Sutton (11) (12).

Table 3: Major engine performance and design calculation results.

Nozzle Throat Area: 𝐴𝑡 = 0.0625

𝑓𝑡
𝑠

Nozzle Exit Mach Number: 𝑀𝑒 = 3.18 𝑀𝑎𝑐ℎ

𝑖𝑛2

Nozzle Throat Radius: 𝑅𝑡 = 0.141 𝑖𝑛

Nozzle Exit Velocity: 𝑉𝑒 = 8776

Nozzle Expansion Ratio: 𝜀 = 8.95

Nozzle Exit Radius: 𝑅𝑒 = 0.422 𝑖𝑛

Total Primary Mass Flow Rate: 𝑚̇𝑡𝑜𝑡 = 0.0114
Fuel Mass Flow Rate: 𝑚̇𝐹𝑢𝑒𝑙 = 0.00366

2.1.2

𝑠𝑙𝑢𝑔

Oxygen Mass Flow Rate: 𝑚̇𝑂𝑥 = 0.00767

𝑠

𝑠𝑙𝑢𝑔

𝑠𝑙𝑢𝑔
𝑠

Engine Specific Impulse: 𝐼𝑠𝑝 = 273 𝑠

𝑠

Nozzle Streamlining

The outer diameter of AARLITE was designed 0.1 𝑖𝑛 smaller than the outer diameter of the SCAARD
engine. The AARLITE engine has an outer diameter which measures 2.2 𝑖𝑛 and the nozzle exit diameter is
0.9 𝑖𝑛. Reducing the outer diameter of the engine reduced the base area which was detrimental to
performance (5). Table 4 illustrates how the design of AARLITE reduces the base area at the nozzle end of
the engine relative to the SCAARD. A 20% reduction in base area was achieved.
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Table 4: The results of calculating the base areas of SCAARD and AARLITE.
Total Engine
Cross Sectional
Area:
Nozzle Exit
Area:
Base Area:

SCAARD

AARLITE

𝐴𝑜 = 4.15 𝑖𝑛2

𝐴𝑜 = 3.80 𝑖𝑛2

𝐴𝑒 = 0.196 𝑖𝑛2

𝐴𝑒 = 0.636 𝑖𝑛2

𝐴𝑏𝑎𝑠𝑒 = 𝐴𝑜 − 𝐴𝑒 = 3.95 𝑖𝑛2

𝐴𝑏𝑎𝑠𝑒 = 𝐴𝑜 − 𝐴𝑒 = 3.16 𝑖𝑛2
3.95 − 3.16
∗ 100 = 20%
3.95

Area Reduction:

In addition to the base area improvement, the new engine’s nozzle has a greater taper compared to the
SCAARD engine. The improved taper reduces the area exposed to the entrained secondary flow as the flow
gets closer of the mixing duct and decreases in pressure. Figure 7 shows the SCAARD and AARLITE
engines drawn side by side to show the differences in length, diameter, and taper. The drawings are not
fully defined, the dimensions shown for reference.

All dimensions are in inches.
Drawings are not to scale.

Figure 7: SCAARD drawing on the left and AARLITE drawing on the right illustrated the
greater taper on AARLITE (5). The red ellipses highlight the nozzle tapers. All dimensions
are in inches.

The improved base area and taper were intended to reduce the negative impact the low pressure secondary
flow had on the system. Figure 8 illustrates the base area on the SCAARD and the low pressure region
which caused the system performance to be decreased when the addition of the duct was made (5).
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Figure 8: Illustration of base area at the end of the SCAARD engine. The blue highlight shows
the area which would be pulled downward by the low pressure secondary flow and reduce the
system performance (4).

2.2

Mixing Ducts

Johnson used cases #1 and #10 in Table 5 and for ease of reference are called diverging duct and short duct,
respectively. The case numbers in Table 5 correlate to the numbers used by Smith et al. and Johnson. The
table is based on the work by Smith et al. and the two cases were chosen by Johnson as a starting point for
the cases he tested because they were feasible and modeled at 300 𝑝𝑠𝑖 chamber pressure (4) (5). The short
and diverging duct cases’ mixing duct inlet area ratio, length to diameter ratio, mixing duct area ratio, and
rocket area ratio along with those of case #7 were used for the design and testing in the current research.
For ease of reference, case #7 is called the long duct case. The other cases Smith et al. investigated were
determined to be unfeasible for the current study.

Table 5: Case #1 and #10 were used by Johnson. Case #7 was used in the current research along
with #1 and #10. The table was based on Smith et al. (5) (4).

Case

Chamber
Pressure (𝒑𝒔𝒊)

Mixing Duct
Inlet Area Ratio
𝑨
( 𝟑)

Length to
Diameter Ratio
𝑳
( )

Mixing Duct
Area Ratio
𝑨
( 𝟒)

Rocket Area
𝑨
Ratio ( 𝒆)

𝑨𝒕

𝑫𝟑

𝑨𝒕

𝑨𝟑

1

300

40

2

2

4

7

1200

40

5

1

4

10

300

40

2

1

4

Once the throat and exit areas of the engine’s nozzle were settled upon, the mixing ducts were directly
calculated using the ratios in Table 5. For all three cases #1, #7, and #10 the mixing duct inlet area ratio,
which was the ratio of mixing duct inlet area to rocket engine throat area, are the same ratio forty to one.
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However, using the ratio directly and going from the engine throat area to mixing duct inlet area is the ideal
case where the nozzle lip thickness (base area) is assumed zero. To account for the base area of the nozzle
at the inlet plane of the mixing duct, the base area was added to the mixing duct inlet area. Johnson
presented the design idea of accounting for the base area at the mixing duct inlet plane (16).
The throat area was 𝐴𝑡 = 0.0625 𝑖𝑛2 , multiplied by forty, adding in the base area, lead to the real mixing
duct inlet area: 𝐴3 = 3.26 𝑖𝑛2 . For manufacturing purposes the diameter was calculated: 𝐷3 = 2.036 𝑖𝑛.
All three cases had the same mixing duct inlet area since the engine’s throat stayed the same between all
the cases.
For cases #7 and #10 the mixing duct area ratio, which was the ratio of mixing duct outlet area to mixing
duct inlet area, are the same ratio one to one. The two cases’ outlet areas are equal to their inlet areas, they
are straight walled. Case #1 has a mixing duct area ratio of two to one so the outlet area was twice that of
the inlet area and the outlet diameter is root two times large than the inlet diameter. Case #1 has a diverging
wall profile. Cases #1 and #10 have a length to inlet diameter ratio of two to one, while case #10 has a five
to one ratio. All the dimensions calculated are displayed in Table 6 and a drawing of each ducts’ revolved
profile is in Figure 9. The outer diameter, which was 3 𝑖𝑛 on all the mixing ducts, was kept the same and
straight. Also the inlets were all made with a 0.150 𝑖𝑛 radius fillet to stay consistent with Johnson, be
machinable and have a smooth entrance.

Table 6: Mixing duct dimensions. All units are inches.
Diverging (case #1)

Short (case #10)

Long (case #7)

Inlet diameter (𝑖𝑛)

2.036

2.036

2.036

Outlet diameter (𝑖𝑛)

2.879

2.036

2.036

Inlet to outlet length (𝑖𝑛)

4.072

4.072

10.18
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Mixing
Duct
Inlet
Plane

Centerline

Centerline

Centerline

Mixing
Duct
Inlet
Plane

Mixing Duct
Outlet Plane

All dimensions are inches. Drawings are not to scale.
The cross hatching shows the section cut plane.
The mixing ducts are oriented vertically with the
inlet pointing to the top of the page and the outlet to
the bottom.

Figure 9: Section view drawings of the three ducts, from left to right the diverging, short, and
long ducts. Drawings are not to scale; all units are inches.
Estimation of the performance of the new mixing ducts was done by scaling the results Johnson had. Thrust
estimation for the long mixing duct was not feasible, but expected to produce less thrust than the short duct
since the length to diameter ratio is higher (8).
Table 7 displays the predicted mixing duct thrusts assuming AARLITE produces 100 𝑙𝑏𝑓. Mixing duct

thrust was scaled using engine thrust. The diverging duct is predicted to produce 1.7 𝑙𝑏𝑓 and the short duct
is predicted to produce 7.3 𝑙𝑏𝑓. It is interesting that Smith et al. found that increasing mixing duct area ratio
increases performance while Johnson’s tests showed the opposite (4) (5).
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Table 7: Mixing duct thrust predictions using Johnson’s work and scaling by engine thrust
(5). All units are pound force.
Engine thrust (𝑙𝑏𝑓)
Short mixing duct thrust (𝑙𝑏𝑓)
Diverging mixing duct thrust (𝑙𝑏𝑓)

2.3

SCAARD

AARLITE

15
1.1
0.26

100
7.3
1.7

Cavity

Early studies into the resonant structures and frequencies created inside cavities with high velocity flows
across their open side were conducted around the 1960’s. A specific interest in studying the phenomenon
was for bomb bays in aircraft and how the pressure fluctuations would impact the structural modes of the
aircraft. The interest in studying the phenomenon with respect to air augmented rockets is to increase the
shear layer growth rate leading to greater mixing between the primary and secondary flows over a shorter
distance and time.
Yu and Schadow took the cavity research further and applied it to cavities at the exit of a gas generator and
found large turbulent structures formed, they are important for fine-scale mixing, and the plume’s
afterburning luminosity was significantly reduced for relatively long wavelength structures while it was
increased for short wavelength structures. The transition from suppressing the luminosity to enhancing the
luminosity occurred at the jet preferred mode frequency (10). In order to get afterburning, a high coherent
structure frequency is chosen.
Another report by Hirahara et al. on the subject provides some necessary insight on the Strouhal number
which is what Rossiter also used (17). The Strouhal number is defined as

𝑆𝑡 =

𝑓𝐿
𝑚−𝛼
=
1
𝑈
𝑀+
𝐾𝑐

2-1

and is the same equation presented in section 1.3 but now it is called the Strouhal number. In Equation 2-1
𝛼 = 0.25, 𝐾𝑐 = 0.57, and 𝑚 = 1, 2, 3, 𝑒𝑡𝑐. are unitless (17). From the engine design performance in Table
𝑓𝑡

3: 𝑀𝑒 = 3.18 and 𝑈 = 𝑈𝑒 = 8776 . The design frequency is chosen to be 𝑓 = 135,000 𝐻𝑧 because
𝑠

anything lower would make the cavity much larger than is feasible to manufacture and fit inside the mixing
ducts without physically blocking the secondary flow. The frequency is much higher than the frequencies
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Yu and Schadow tested but since it is higher than the jet preferred mode frequency (13 − 14 𝑘𝐻𝑧) it
should increase afterburning capability which is what is required (10). Solving Equation 2-2 for the length
of the cavity:

𝐿=

𝑈 𝑚−𝛼
8776
1 − 0.25
∗
=
∗
= 0.00988 𝑓𝑡
𝑓 𝑀+ 1
135000 3.18 + 1
𝐾𝑐
0.57

2-2

= 0.119 𝑖𝑛
Hirahara also provided an improved version for Rossiter’s equation which lead to L = 0.1275 𝑖𝑛. The final
dimension chosen was 0.123 𝑖𝑛 for both length and depth to be one-to-one ratio and for manufacturability.
The nozzle was designed such that the 0.123 𝑖𝑛 square cavity was machined into a graphite ring of 0.3 𝑖𝑛
thickness, 1.244 𝑖𝑛 outer diameter (OD), and 0.844 𝑖𝑛 inner diameter (ID). The graphite was attached with
a threaded retaining nut to the exit plane of the nozzle. To have control, another graphite ring was
machined but with no cavity, so that a ring of graphite with the dimensions given would also be attached to
the exit plane of the nozzle with the same threaded nut for testing.
Configurations when the graphite ring with a cavity was attached to the nozzle with the retaining nut were
referred to as “C-ring” configurations, the graphite ring with no cavity were called “solid ring”
configurations, and the nozzle alone with no ring and no retaining nut were called the “no ring”
configurations.
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3. Test Stand and Data Acquisition
The test stand holds the rocket engine which was attached by three 3/8 𝑖𝑛 hexagonal shafts to a support
rail that was attached to the total thrust (200 𝑙𝑏𝑓) load cell. The load cell (25 𝑙𝑏𝑓) for the mixing duct
clamp frame was attached to the support rail and interlaced between the three hexagonal shafts that held the
engine. The support rail had linear bearings where it was attached to the test stand’s two 7 𝑓𝑜𝑜𝑡 vertical
columns. The support rail could be identified by its horizontal orientation and central location on the stand.
Above the support rail there was another horizontal fixed beam which held the two 12 𝑉 sealed lead acid
(SLA) batteries, the actuated supply ball valves, and the Venturi tubes. The stand was designed to hold well
over 100 𝑙𝑏𝑓 of thrust from the engine; the weakest link on the stand was the 200 𝑙𝑏𝑓 load cell.
Figure 10 shows a picture taken of the test stand ready for test firing. It was primarily built using 1.5 Series
aluminum T-slot extrusions and hardware, a steel engine plume deflector plate, chains for securing nitrogen
and oxygen cylinders, chains for securing the stand to the lab foundation, and various wiring, tubing, and
fittings for supply/control of propellant and data acquisition. The test stand was equipped with two load
cells, two load cell signal conditioners, and five pressure internally conditioned transducers for collecting
data.
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Figure 10: The test stand designed and built to test the engine.

3.1

Sensors and Data Collection

A 200 𝑙𝑏𝑓 load cell made by AmCell and purchased from Tacuna Systems was used to measure the thrust
from the engine and mixing duct together. A 25 𝑙𝑏𝑓 load cell made by AmCell and purchased from Tacuna
Systems was used to measure the thrust of the mixing duct alone. The engine thrust was calculated by
subtracting the mixing duct (25 𝑙𝑏𝑓 load cell) measurements from the measurements made by the 200 𝑙𝑏𝑓
load cell. Equation 3-1 shows the variables explained.
𝐹𝑒𝑛𝑔 = 𝐹𝑡𝑜𝑡 − 𝐹𝑑𝑢𝑐𝑡
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3-1

Each load cell had its own signal conditioner which was made and sold by Tacuna Systems. Both load cells
had a maximum error of ±1.0% of full scale reading. The pressure measurements were done using five
Wika Type A-10 pressure transducers rated for a maximum 3,000 𝑝𝑠𝑖 and had a maximum error of ±0.5%
of full scale reading. One pressure transducer was connected to the engine’s combustion chamber through a
pressure snubber/filter to measure the combustion pressure. Two pressure transducers were connected to
the oxygen Venturi flow measurement tube and two pressure transducers were connected to the ethanol
Venturi flow measurement tube. The transducers on the Venturi flow measurement tubes were attached to
pressure taps which see pressure differentials that are used to calculate the mass flow of ethanol and oxygen
into the engine. More details on the sensors and the signal conditioners were attached in Appendix J.
All the sensors were powered using two 12 𝑉 SLA batteries which were connected together in series to
supply the pressure transducers with 24 𝑉. The Tacuna conditioners used only 12 𝑉 from one of the two
SLA batteries. The signals from all the sensors were sent along shielded cables to a simple resistorcapacitor low pass filter (a 1,000 Ω resistor connected with a 0.1 𝜇𝐹 capacitor for a cutoff frequency of
about 𝑓𝑐 = 1.6 𝑘𝐻𝑧) connected to a National Instruments (NI) USB-6210 Data Acquisition (DAQ). The
output from the DAQ was connected to a computer running National Instruments LabView program which
recorded the data to a Microsoft Excel file. The LabView program was set to collect data at a sampling rate
of 1 𝑘𝐻𝑧.

3.2

Supply Feed and Control System

The engine was supplied with fuel, oxygen, high voltage ignition power, and water in order to function
properly. These supplies were provided by the test stand.
The 120 𝑉𝐴𝐶 power from the control box was brought out to the test stand along shielded cables from the
control box. All commands from the control box were power signals which turned the various solenoids
and other devices on the test stand on and off. Other than the two 12 𝑉 SLA batteries on the test stand, all
electrical power was routed through the control box which had a 1Amp circuit breaker in case of an over
current event, a keyed power switch to assure only trained personnel who have access to the key could use
the box and a secondary power switch as second point which had to be turned on in order for any power to
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flow. The box itself was a large plastic conduit box and all metal components which were exposed were
grounded. The test stand was grounded to mains ground through the control box and through a secondary
cable inside the firing room.
Water was used as the coolant for the engine and was transported to and from the test stand through two
garden hoses. The water sink in the Propulsion Laboratory was equipped with a hose spigot to supply the
test stand. The water used was at the temperature of the supply, it was not cooled with ice or other method.
On the stand, an analog pressure and two temperature gauges monitored the inlet pressure and inlet and
outlet temperatures of the water. After the inlet pressure and temperature gauges, the water was controlled
by a 120 𝑉𝐴𝐶 diaphragm solenoid valve. A pair of clear vinyl tubes took the supply of water from the
solenoid valve to the engine’s nozzle. The water traveled around the nozzle at the plane of the throat in a
machined channel, then up the combustion chamber copper liner, and the water exited through the injector
and manifold assembly. A second pair of clear vinyl tubes returned the water to a manifold which held the
second temperature gauge and finally went through another garden hose to the sink.
Dry compressed air regulated to 90 𝑝𝑠𝑖 was supplied to the test stand for actuation of Swagelok ball valve
actuators which control the flow of ethanol and oxygen to the engine. The laboratory had air hookups
which were accessed using an air hose with quick disconnect fittings.
A cylinder of compressed nitrogen gas was secured to the test stand using a top and bottom chain. The
nitrogen was used to pressurize the ethanol fuel and push it into the engine. The high cylinder pressure was
regulated using a Victor 0781-1448 SR4J-580 regulator and attached to the fuel tank with a flexible high
pressure hose.
A cylinder of compressed oxygen gas was attached to the test stand and used to supply the engine with
oxygen to combust the ethanol. To balance the test stand and to follow standard oxygen/fuel practices, the
oxygen cylinder was chained on the opposite side of the nitrogen cylinder and ethanol tank. The oxygen
cylinder was also secured with a top and bottom chain. The high cylinder pressure was regulated using a
Victor 0781-1445 SR4J-540 regulator and attached to the oxygen control valve with a flexible, high
pressure, oxygen service cleaned hose.
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A 300 𝑐𝑚3 , 5,000 𝑝𝑠𝑖 rated sample cylinder was used as the fuel tank to hold ethanol fuel during testing.
During testing the ethanol was loaded into the top of the tank using a 150 𝑐𝑚3 graduated plastic syringe
through a high pressure ball valve, the valves was then closed, and the system was pressurized using the
nitrogen gas. To drain the ethanol tank the nitrogen cylinder’s valve was closed and the high pressure
needle drain valve located at the lowest point in the system, at the bottom of the ethanol tank, was opened.
Oxygen and ethanol supply copper tubing pigtails were made and used to attach the supply control ball
valves to the engine. Pigtails were used for this purpose because a flexible, compact, and inexpensive
method was required; other options such as flexible hoses were too expensive or too large.
All the tubes, hoses, cylinders, tanks, valves, actuators, regulators, Venturi flow measurement tubes,
pressure transducers, and miscellaneous fittings were selected to have higher service pressures than the
pressure required to supply the engine for nominal 1,000 𝑝𝑠𝑖 combustion chamber pressure. All the
plumbing on the oxygen side of the feed system was either purchased cleaned for oxygen service or was
cleaned using the procedure in Appendix E. A schematic drawing of the plumbing feed system was drawn
and shown in Figure 11.
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Figure 11: Plumbing diagram of the feed system going into the AARLITE.

3.3

Venturi Flow Measurement Tubes

Measuring the mass flow rates of ethanol and oxygen going into the engine was important. There were
several options available for the measurements including Coriolis meters, orifice plates, sonic nozzles,
Venturi tubes, and Venturi nozzles. Of the options considered, the Venturi tube was chosen for use
measuring both propellants because it was the cheapest, easiest to manufacture, most adaptable, and
produced the least head loss. Several design standards were used as points of insight into how to design the
Venturi tubes. The standards are published by the American Society of Mechanical Engineers (ASME) and
International Organization for Standards (ISO) and were available over the internet (18) (19).
Using the ASME and ISO standards directly was not possible because they were written for Venturi tubes
which were at least ~2 𝑖𝑛 or larger internal diameter (ID). The Venturi tubes required for this research had
to be on the order of 0.25 𝑖𝑛 because of the flow rate required by the engine and the error associated with
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the Wika pressure transducers. Two Wika transducers were used and a minimum pressure differential of
30 𝑝𝑠𝑖 was chosen based on the ±0.5% error of full rated pressure of each 3,000 𝑝𝑠𝑖 transducer. However,
the standards were used a guidelines and provided enough details to allow for the design of the Venturi
tubes.

The assumed mass flow rate of ethanol was 0.00366
0.00767

𝑠𝑙𝑢𝑔
𝑠

𝑠𝑙𝑢𝑔
𝑠

and the mass flow rate of oxygen was

. Using Bernoulli’s equation (assuming no significant height differences) and the mass flow

rate relation in Equation 3-2 where 𝑚̇ is mass flow rate, 𝑣 is velocity, 𝜌 is density, and 𝐴 is area:
𝑚̇ = 𝑣𝜌𝐴

3-2

the entrance and throat diameters of the Venturi tubes were calculated to meet the minimum differential
pressure of 30 𝑝𝑠𝑖 and to be machinable. For ethanol the density was assumed to be constant and for
oxygen the density was calculated based on assumed room temperature and feed pressure.
The entrance diameters on both Venturi tubes were designed and machined to 0.248 𝑖𝑛 because of the 30°
countersink used. The ethanol throat diameter was 0.070 𝑖𝑛 and the oxygen throat diameter was 0.125 𝑖𝑛,
resulting in pressure differentials of 42 𝑝𝑠𝑖 and 125 𝑝𝑠𝑖 respectively. These critical dimensions and values
are summarized in Table 8. The size and position of the pressure taps was based on the ASME and ISO
guidelines and what was machinable. The tubes were made of cartridge brass round stock and machined
using a lathe and mill. These features were carefully machined and checked using pin gauges, calipers,
and/or micrometers. The entrance and exit angles were made using a 30° countersink assumed to create the
15° entrance half angle dictated by the guidelines.

Table 8: Venturi tube flow measurement design calculation results.
Oxygen

Ethanol

0.00767

0.00366

Entrance diameter (𝑖𝑛)

0.248

0.248

Throat diameter (𝑖𝑛)

0.125

0.070

125

42

Mass flow rate (

𝑠𝑙𝑢𝑔
𝑠

)

Design differential pressure (𝑝𝑠𝑖)
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The velocity of the fluids going through the Venturi tubes was checked to make sure the incompressible
flow assumption (Mach < 0.3) made by Bernoulli’s equation was valid at the throat of the Venturi tubes.
The Reynolds numbers at the entrance and throat of the tubes were also checked to make sure the flows
were turbulent and in the range suggested by the guidelines.

3.4

Data Acquisition Testing

A series of almost 70 tests were conducted with the engine and feed system to investigate air augmentation.
One of the first tests, with no mixing duct and no ring, was presented to show the behavior of the engine
during a test fire. The oxygen cylinder regulator was set to ~820 𝑝𝑠𝑖 and the nitrogen cylinder regulator
was set to ~870 𝑝𝑠𝑖 which resulted in ~400 𝑝𝑠𝑖 in the combustion chamber. Test #1 in Table 11 was used
to make Figure 12 through Figure 17. Plots of the thrust, combustion pressure, differential pressures, and
calculated mass flow rates with respect to time were useful in understanding how the system behaves at
startup, during steady state, and at shut down. The method of data analysis from the recorded measurements
taken by LabView was reviewed and several sanity checks were performed on the data to make sure the
values calculated make sense. The data collected using LabView was processed using Microsoft Excel and
Matlab.
The data values saved by LabView to Excel were filtered and consolidated using a program written by Ross
Gregoriev; the code was inserted in Appendix G for reference. The steady state region of the engine’s
combustion was the region of interest and was determined by looking at consecutive data points which did
not change by more than 5 𝑝𝑠𝑖 relative to the last data points. Limiting the change between data points to
5 𝑝𝑠𝑖 was a good method for limiting the standard deviation and getting a good representation of the
pertinent data. The phases of the engine’s operation were highlighted using the logical comparison method
given by equation 3-3. The equation operated using the combustion pressure which was stored in column
“M” in the Excel file. The idle/off, startup, steady state, and shut down phases of the engine’s operation
were highlighted by iteration the logic statement through all of the combustion pressure data. The
corresponding ethanol Venturi pressures, oxygen Venturi pressures, thrust, and time data were determined
by using the highlighted rows of combustion pressure. The ethanol and oxygen Venturi data points were
recorded by sensors which were several feet away from the combustion chamber and for the ethanol
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Venturi that was especially important because the ethanol would run through the Venturi and transition to
nitrogen before the engine would shut down. To handle change in fluid, the Venturi pressure data region of
interest was shifted up about three rows.
= 𝐼𝐹(𝐴𝐵𝑆(𝑀3 − 𝑀2) > 5, 𝑀2, "0")

3-3

Following the data analysis procedure yielded ~0.6 to ~1 𝑠 of steady state combustion data throughout all
the tests. The mean and standard deviation were then calculated for the highlighted steady state regions.
The standard deviation was used as a measure of the error for each corresponding mean value.

3.4.1

Thrust

The total thrust results are shown in Figure 12 versus time (in this case there was no duct so the values are
just the engine’s thrust). The average thrust was plotted on top of the actual thrust curve in order to show
how the two compare.
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Figure 12: Plot of the total thrust profile of the engine firing at about 𝟒𝟎𝟎 𝒑𝒔𝒊 chamber
pressure. The red line shows the total thrust load cell output and the green line shows the
average used for analysis.
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3.4.2

Pressure and Mass Flow Rate

The pressure transducers placed throughout the feed system and attached to the combustion chamber read
the static pressures of the various fluids. The pressure profiles for the same test as the thrust profile in
Figure 12 are presented.
The chamber pressure transducer functioned well. The chamber pressure results for the engine were
displayed in Figure 13. The average chamber pressure and standard deviation were calculated by looking at
the chamber pressure curve and considering the data points which were in the steady state region of the
curve. The average pressure was plotted on top of the actual pressure curve in order to show how the two
compare.
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Figure 13: Plot of the chamber pressure profile of the engine firing at about 𝟒𝟎𝟎 𝒑𝒔𝒊. The black
line shows the measured chamber pressure and the green line shows the average used for
analysis.
The oxygen Venturi tube pressure transducers functioned perfectly. The pressure results were displayed in
Figure 14. The differential pressure was calculated by subtracting the lower pressure reading from the
higher pressure reading, and this differential was then used to calculate the mass flow rate of oxygen.
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Figure 14: Plot of the oxygen Venturi flow tube from the engine firing at about 𝟒𝟎𝟎 𝒑𝒔𝒊
chamber pressure. The blue line shows the low pressure trace measured at the throat of the
Venturi tube and the orange line shows the high pressure trace measured at the inlet section of
the Venturi tube.
The ethanol Venturi tube pressure transducers functioned perfectly. The pressure results were displayed in
Figure 15. The differential pressure was calculated by subtracting the lower pressure reading from the
higher pressure reading, and this differential was then used to calculate the mass flow rate of ethanol or of
nitrogen when the system was cold flow testing.
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Figure 15: Plot of the ethanol Venturi flow tube from the engine firing at about 𝟒𝟎𝟎 𝒑𝒔𝒊
chamber pressure. The blue line shows the low pressure trace measured at the throat of the
Venturi tube and the orange line shows the high pressure trace measured at the inlet section of
the Venturi tube.
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The pressure profiles shown in Figure 14 and Figure 15 were used to calculate the respective mass flow
rates of the propellants and are shown in Figure 16 and Figure 17. Using Bernoulli’s equation assuming
incompressible fluids, and assuming the vertical change in the flow was negligible the mass flow rate was
calculated. For oxygen and during cold flow testing for nitrogen, the density of the gases was calculated
using the higher pressure measurement from the Venturi tubes and assumed the gases were at the same
temperature as the ambient environment. The density of ethanol was assumed to be constant 0.789

𝑘𝑔
𝐿

.

The mass flow rates calculated from the differential pressure do not go all the way to zero because after the
transducers were calibrated and zeroed using LabView, they drifted a little bit over time and they did not
output exactly the same signal when pressurized to the same initial pressure. Thus the mass flow rates did
not go to zero, but when the engine was not firing and the valves were shut the mass flow was obviously
zero, so the lines showing the average mass flow were set to zero.
The average mass flow rates and the respective standard deviations were found by looking at the chamber
pressure curve and considering the data points which were in the steady state region of the curve. The
average mass flow rates were plotted on top of the actual mass flow rate curves in order to show how the
two compare.
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Oxygen mass flow, slug/sec (assuming R=1554ft*lbm/slug/degR, T=72degF=561.67degR)
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Figure 16: Plot of the mass flow rate of oxygen when chamber pressure was about 𝟒𝟎𝟎 𝒑𝒔𝒊. The
green line shows the oxygen mass flow rate calculated from the measured differential pressure
and the purple line shows the average oxygen mass flow rate used for analysis.

Ethanol mass flow, slug/sec (assuming rho = 0.0008859449slug/in^3)
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Figure 17: Plot of the mass flow rate of ethanol when chamber pressure was about 𝟒𝟎𝟎 𝒑𝒔𝒊. The
red line shows the ethanol mass flow rate calculated from the measured differential pressure
and the orange line shows the average ethanol mass flow rate used for analysis.
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3.4.3

Error and Sanity Check

The thrust profile and pressure profiles shown in Figure 12 through Figure 17 are reasonable and agree with
each other. Furthermore, the thrust and pressure profiles behaved in similar fashions for the test displayed
and all the tests not shown.
A check of the agreement between all the sensors and theoretical analysis was conducted using test #43 in
Table 12. The thrust of the engine during the test was 51.7 𝑙𝑏𝑓. The measured combustion pressure was
used to calculate a theoretical engine thrust which was 52.6 𝑙𝑏𝑓. The percent difference was a reasonable
1.34%.
The majority of test fires were video recorded and the footage from one test was used to get an approximate
burn time. The burn time was then used to get an average ethanol mass flow rate and check against the
average mass flow rate calculated using the differential pressure measured with the Venturi flow tube. The
time found using the video footage was not accurate since it involved guessing when the ethanol started to
flow and when it stopped. Thus this was a sanity check to make sure the differential pressure measurement
yields mass flow rates which are in the proper range.

Each run used 150𝑚𝐿 of ethanol in the fuel tank and the density of ethanol is 0.789

𝑘𝑔
𝐿

. Equation 3-3

calculates the mass of ethanol:

0.150𝐿 ∗ 0.789

𝑘𝑔
= 0.118 𝑘𝑔
𝐿

3-4

Footage from test #1 while the engine had ethanol in the combustion chamber and was combusting
properly, showed the plume for about 2.57 𝑠. Equation 3-5 calculates the average mass flow rate from the
video footage:
0.118 𝑘𝑔
𝑘𝑔
𝑠𝑙𝑢𝑔
= 0.0461
= 0.00316
2.57𝑠
𝑠
𝑠

3-5

The average differential pressure calculated mass flow rate of ethanol during steady state combustion for
that test was 0.00396

𝑠𝑙𝑢𝑔
𝑠

. There is approximately 20% difference between 0.00396

𝑠𝑙𝑢𝑔
𝑠

and 0.00316

The percent difference is reasonable and means the differential pressure calculated mass flow rate of
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𝑠𝑙𝑢𝑔
𝑠

.

ethanol is in the correct range of values and no significant errors exist. Furthermore, since the Venturi tubes
were designed using the same process the oxygen Venturi mass flow rate calculations inspired more
confidence as well.
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4.

Test Results

Plots of the thrust and mass flow rate were made to help interpret the data. The plots are organized by total
thrust, mixing duct thrust, primary mass flow rate, and mass flow rate ratio and pressure ratios. The total
thrust and mixing duct thrust sections are divided into several subsections comparing mixing duct results
while holding the rings constant, comparing rings while holding mixing ducts constant, and comparing
mixing ducts while holding rings constant and dividing thrust by combustion pressure. The mixing duct
sections has an additional subsection which compares the short and long duct thrusts divided by the internal
area of the ducts. The majority of plots have thrust in pound force on the vertical axis and pressure sets on
the horizontal axis. The pressure sets were assembled based on the pressures the supply cylinder regulators
were set to before each test. Some inconsistencies existed with the regulators’ function, but for all the plots
showing pressure sets on the horizontal axis the test cases are organized so that the combustion pressure
generally increases with set number. The pressure sets 1 and 2 are ~400 𝑝𝑠𝑖, 3 ~ 500 𝑝𝑠𝑖, 4 ~ 550 𝑝𝑠𝑖,
and 5 and 6 ~ 680 𝑝𝑠𝑖.
For the tests around 680 𝑝𝑠𝑖 only the long duct and ring configurations were used. The diverging and short
ducts were not used and only one test was performed with no mixing duct and no ring. Preliminary analysis
of the lower pressure tests showed the long duct was the one to focus on. If all the possible cases were
tested the engine may have malfunctioned and become unusable. Thus for several of the figures in this
section the last two pressure sets will only show the long duct cases and/or the no duct, no ring case.
The tests with mixing ducts performed worse than the tests with no mixing duct and the engine was
consistent across all the tests. The mixing ducts were the only significant differences which caused the
lower performance. However the mixing duct load cell registered positive thrust from the short and long
ducts, which means that there must be another factor to account for the lower performance. Put simply the
addition of the mixing ducts created drag on the engine which pulled it downward. Equation 4-1 is a
modified version of Equation 3-1. The 𝐷𝑑𝑢𝑐𝑡 term represents the drag created on the engine when the
mixing ducts are attached and why the total thrust is less in the ducted cases even though the short and long
ducts produce positive thrust.
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𝐹𝑡𝑜𝑡 = 𝐹𝑒𝑛𝑔 + 𝐹𝑑𝑢𝑐𝑡 + 𝐷𝑑𝑢𝑐𝑡

4.1

4-1

Total Thrust Plots

For each test, the total thrust was the physical summation of the engine and mixing duct thrusts. The total
thrust was recorded directly using the 200 𝑙𝑏𝑓 AmCell load cell and the results are plotted with using
multiple methods to help explain the tests. Based on the preliminary tests, the engine was expected to
produce between ~40 − 70 𝑙𝑏𝑓 of thrust depending on the combustion pressure between ~400 − 700 𝑝𝑠𝑖.
In theory when the nozzle is equipped with the C-ring and the diverging duct is attached, the system is
expected to produce the greatest total thrust because the C-ring will cause increased entrainment and
afterburning, and the diverging duct will expand the two high speed flows.

4.1.1

Total Thrust: Comparing Duct Cases

Figure 18, Figure 19, and Figure 20 show plots of the total thrust of the system at six different combustion
pressure sets. The respective combustion pressure sets were based on how the oxygen and nitrogen cylinder
regulators were set (if the regulators were set to be equal or ~50 𝑝𝑠𝑖 lower on the oxygen regulator).
Depending on how full the cylinders were, the combustion pressures were affected. Some test cases may
not fit well in the respective pressure set, but they were grouped in this fashion because it was a simple way
to know the regulators’ pressures. The plots show the thrust of the system with each of the four duct
configurations and each separate plot shows the results of the three different ring configurations. The test
number and combustion pressures were noted either above or on the respective bars of the graph.
The important thing to note about Figure 18, Figure 19, and Figure 20 was that they show how the total
thrust behaves with respect to changing duct configuration. It seemed that the total thrust was generally best
with no duct, but the long duct case was closest to the performance of the engine without a duct. The short
duct was not as good as the long duct and the diverging duct consistently produced the least total thrust.
Figure 18 shows that for each of the pressure sets the non-ducted configuration produced more thrust or the
same thrust as some of the long duct cases. The diverging duct case (test #10) produced a total thrust of
34.45 𝑙𝑏𝑓, the short duct case (test #11) produced 34.93 𝑙𝑏𝑓, and the long duct case (test #12) produced
35.53 𝑙𝑏𝑓. The no duct case (test #1) was tested to the same conditions as tests #10, #11, and #12, but
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produced 36.18 𝑙𝑏𝑓 of total thrust. Pressure set 3 shows that the long duct case did better than the no duct
case; however the combustion pressure difference was large such that it could account for the difference in
total thrust. The small error bars plotted on each bar represent one standard deviation of the data during the
steady state region of the thrust curve.
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Figure 18: No ring, total thrust for different ducts at multiple combustion pressures.
Figure 19 shows similar values as Figure 18, however it was for the solid ring configuration. At the low
420 𝑝𝑠𝑖 combustion pressure sets the no duct cases performed better, but as the combustion pressure grew
the differences in total thrust diminished. The high differences in combustion pressure could account for
the significant total thrust differences in pressure sets 3 and 4.
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Figure 19: Solid ring, total thrust for different ducts at multiple combustion pressures.
Figure 20 shows that the no duct configuration again was best compared to all the other configurations in
the figure. In pressure set 3 there is a significant difference between the no duct case and the other three
cases, with the no duct case being the worst. This upset in the previous pattern is attributed to the
combustion pressure differences. In pressure set 4 the combustion pressures are within a standard deviation
(~6 𝑝𝑠𝑖) and the total thrust pattern is very similar to pressure set 1 and 2.
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Figure 20: C-ring, total thrust for different ducts at multiple combustion pressures.
Throughout Figure 18, Figure 19, and Figure 20 the different rings at the exit of the nozzle did not cause a
change to the pattern of how each duct configuration performed. Also as the combustion pressure grew the
differences in thrust between the different mixing ducts decreased. As the combustion pressure increased
and the nozzle became less over-expanded, the differences between the total thrust of each configuration
decreased.
The pressure of the over-expanded primary flow was lower than ambient which pulled ambient air like a
vacuum cleaner pulls air. As the combustion pressure increased, the exit pressure also increased and the
vacuum pulling the air decreased. The reduction of secondary flow smaller thrust differences between the
mixing ducts. If the primary flow was optimally expanded, the thrust differences between the mixing ducts
could be insignificant. If the primary flow was under-expanded, the thrust differences would return and
they might be reversed. The diverging duct would produce the most total thrust and the long duct would
produce the least total thrust.

4.1.2

Total Thrust: Comparing Ring Cases

Figure 21 through Figure 24 show the total thrust of the system at six different combustion pressure sets in
the same fashion as Section 4.1.1. However, each figure shows the total thrust of the system for all of the
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three ring configurations while the mixing duct is held constant for each figure. The test numbers and
combustion pressures are noted either above or on the respective thrust bars.
The plots show how the total thrust behaves with respect to changing ring configuration. The trends are
interesting and show the total thrust is highest in the no ring condition, a little less in the solid ring, and
least in the C-ring.
Figure 21 shows tests which had consistent combustion chamber pressures within each pressure group. The
consistency of the chamber pressure allows for the differences in thrust to be attributed to the different
rings which were tested. The no ring case performs better than the solid and C-rings, and the solid ring does
better than the C-ring. The seam created by the cavity retaining nut could have also tripped the flow when
testing the solid and C-rings. Note, that Figure 21 is the no duct case and this means the total thrust is equal
to the engine thrust since there is no duct thrust. Whenever a no duct case is shown the total and engine
thrusts are equivalent.
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Figure 21: No duct, total thrust for different nozzle configurations at multiple combustion
pressures.
Figure 22 shows that the total thrust for the diverging duct configuration and for the first pressure set has a
negative slope across no ring, solid ring, and C-ring similar to Figure 21. The other pressure groups
however have a different behavior with the no ring case showing that the total thrust is less than the solid
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ring, C-ring, or both solid and C-ring cases. The difference in the total thrust could be caused by the
significant difference in combustion pressures since the standard deviation of the combustion pressure is
around 6 𝑝𝑠𝑖 and the various cases which do not show a negative slope across no ring, solid ring, and Cring are significantly more than 12 𝑝𝑠𝑖 apart.
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Figure 22: Diverging duct, total thrust for different nozzle configurations at multiple
combustion pressures.
Figure 23 shows the short duct total thrust. The first and second pressure sets show similar trends where the
solid ring produces the greatest thrust. However, for set 1 the difference between the three rings is small
and within the error bars created from the standard deviation (~0.24 𝑙𝑏𝑓). Set 3 shows the solid ring and
C-ring producing the same thrust and significantly better than the no ring. Set 4 shows the C-ring produces
the greatest total thrust, the solid ring less, and the no ring least. The combustion pressure is significantly
different throughout sets 3 and 4, and can account for the greater thrust of the solid and C-rings.
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Figure 23: Short duct, total thrust for different nozzle configurations at multiple combustion
pressures.
Figure 24 shows the total thrust of the long duct. This figure, relative to the previous two figures, has some
of the more consistent combustion pressures within each pressure set. Sets 1 and 6 show the no ring case
produces the most total thrust while sets 3 and 4 show the C-ring produces the most total thrust. In set 5 the
combustion pressures are almost exactly 677 𝑝𝑠𝑖 between the three ring cases and the no ring and C-ring
cases produce the same thrust, the solid ring about a pound less thrust. The solid ring produces the most
total thrust in set 2, otherwise the solid ring is between the no ring and C-ring thrust outputs.
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Figure 24: Long duct, total thrust for different nozzle configurations at multiple combustion
pressures.

4.1.3

Total Thrust: Duct Cases Divided by Combustion Pressure and Throat Area

Figure 25 shows the total thrust divided by the combustion pressure and nozzle throat area for the no ring
nozzle configuration. The result is a non-dimensional value which indicates better performance with a
higher value. Dividing the total thrust by combustion pressure has helped level the figures so that
differences between tests in combustion pressure are not as significant. Dividing by nozzle throat area then
non-dimensionalizes the values. With no ring, the long duct case has the highest area value in four of five
pressure sets. The sixth pressure set only has one bar because the longevity of the engine was at risk so only
a few of the total possible configurations were tested at the maximum combustion pressure of ~680 𝑝𝑠𝑖.
The same explanation applies to the two bars in the fifth pressure set. The no duct case gives the second
best performance after the long duct. The short and diverging duct cases follow the same trends as seen in
the previous total thrust figures. At a combustion pressure ~544 𝑝𝑠𝑖 (tests #34, #35, and #36) the total
thrust between the diverging, short, and long duct cases respectively was about the same ~50.9 𝑙𝑏𝑓. In the
same pressure set 4, the no duct case (test #25) produced a total thrust of 54.95 𝑙𝑏𝑓, but the test’s
combustion pressure was ~38 𝑝𝑠𝑖 greater then the other three test cases. When the total thrust of these four
tests was divided by combustion pressure (as seen in Figure 25), the long duct case did best by having the
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greatest thrust per pressure per area value, 1.517. The no duct case had a value of 1.514, the short duct had
a value of 1.496, and the diverging duct had the lowest value of 1.486. The ~387 psi tests in pressure set 1
(tests #10, #11, #12, and #1) had the same pattern as the ~544 𝑝𝑠𝑖 tests (#34, #35, #36, and #25), however
the thrust per pressure per area values in the ~387 𝑝𝑠𝑖 combustion pressure tests had a greater spread, a
greater difference between the minimum and maximum area values. The greater difference between thrust
per pressure values at ~387 𝑝𝑠𝑖 was because the combustion pressure was lowest and the nozzle exit
pressure was lowest (most over-expanded) so the amount of secondary flow pulled in and the drag on the
engine was greatest which exaggerated the differences between the mixing duct configurations.
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Figure 25: No ring, total thrust divided by combustion pressure and nozzle throat area for
different mixing ducts at multiple combustion pressures.
Figure 26 shows the solid ring nozzle configuration and has greater variation than Figure 25. The no duct
case has the highest area value in the first two sets. In set 3 the long duct has the best area value and the no
duct has the worst. Set 4 is different than all the other sets presented in this section. The diverging duct has
the highest area value, the no duct case is close, and the short and long ducts are less than the no duct but
they are almost the same to each other. The reversal of performance of the no duct case in the first two sets
in Figure 26 compared to the trend in Figure 25 could be due to the nozzle being more over-expanded in
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the first two pressure sets and the solid ring causing the flow to be more turbulent which would cause the
engine’s thrust to be lower, entrain more secondary, reducing the secondary flow’s pressure, and pulling
the system downward when the ducts were attached. As the combustion pressure increased the turbulent
effect of the solid ring did not have the same influence and seen in set 3 the trend in Figure 25 was
reestablished.
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Figure 26: Solid ring, total thrust divided by combustion pressure and nozzle throat area for
different mixing ducts at multiple combustion pressures.
Figure 27 shows the C-ring nozzle configuration. The pressure sets show very similar behavior to Figure
26. The no duct case has the highest area value in the first two sets, but as the combustion pressure
increases then the long duct and short duct clearly overtake the no duct case. The diverging duct even
performs better than the no duct case in set 3. The C-ring causes the primary flow be to much more
turbulent in the first two pressure sets when the nozzle is the most over-expanded. The turbulence lowers
the total thrust when a mixing duct is attached because there is greater entrain of secondary flow, higher
secondary flow velocity and lower pressure which pulls the system downward. But as the combustion
pressure increases the turbulent effect of the C-ring does not have the same influence, set 3 and 4 show
similar trends to Figure 25. If sets 5 and 6 were tested again to include the diverging and short ducts then
the trends of Figure 25 are hypothesized to occur.
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Figure 27: C- ring, total thrust divided by combustion pressure and nozzle throat area for
different mixing ducts at multiple combustion pressures.
In Figure 25, Figure 26, and Figure 27 the total thrust per pressure values all increase as combustion
pressure increases. As combustion pressure increases the combustion efficiency increases releasing more of
the ethanol’s energy and the nozzle is closer to optimal expansion, thus the total thrust per pressure values
increase.

4.2

Duct Thrust Plots

The mixing duct thrust was measured directly with the 25 𝑙𝑏𝑓 AmCell load cell connected underneath the
engine support rail (but above the engine) and to the mixing duct clamp frame. The three mixing ducts were
clamped with the mixing duct clamp frame below the engine and the signal from the 25 𝑙𝑏𝑓 load cell was
zeroed in the LabView program to account for the weight of the frame and mixing ducts. The mixing ducts
are expected to produce thrust between 1 − 8 𝑙𝑏𝑓.

4.2.1

Duct Thrust: Comparing Duct Cases

Figure 28 with no ring configuration, the diverging duct always gives a negative thrust with little change as
combustion pressure increases. The short duct also changes little with combustion pressure changes, but it
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does show a slight positive increase when the pressure increases. The long duct gives the greatest positive
thrust and it does vary with pressure.
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Figure 28: No ring, duct thrust at multiple combustion pressures.
Figure 29 with a solid ring, the long duct acts the same as in Figure 28. However, the diverging duct shows
a different behavior; it started at about -0.7 lbf and increases positively as combustion pressure increases.
The short duct does the opposite, as pressure increases the thrust decreases.
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Figure 29: Solid ring, duct thrust at multiple combustion pressures.
Figure 30 is very similar to Figure 29, the long and short ducts thrusts decrease as combustion pressure
increases and the diverging duct’s performance improves as the pressure increases. Although it should be
noted the short duct barely changes with changes in combustion pressure, the short duct’s thrust remains
flat. Another note to consider is that the long duct produces the most mixing duct thrust by a large margin,
however, the long duct also weighs the greatest amount out of all the mixing ducts.
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Figure 30: C-ring, duct thrust at multiple combustion pressures.

4.2.2

Duct Thrust: Comparing Ring Cases

The three ring cases are compared relative to each duct. The measured duct thrusts for each duct case, ring
case and the engine’s combustion chamber pressure. Figure 31 shows the diverging duct measured thrusts
at the various combustion pressures and ring configurations. In the first two pressure sets the solid ring
does the worst, with the C-ring almost as bad. The no ring in the first two sets does better. However, the
last two pressure sets the solid and C-ring do better than the no ring.
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Figure 31: Diverging duct thrust for different nozzle configurations at multiple combustion
pressures.
The duct thrust for the short duct is displayed in Figure 32. The three ring cases are compared and
throughout the four pressure sets the no ring case does the best, the solid ring does better or the same as the
C-ring in the first three sets. But in the fourth set the C-ring case registered more thrust on the mixing duct
than the solid ring case. The greater thrust in the C-ring case of set 4 could be due to the higher combustion
pressure.
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Figure 32: Short duct thrust for different nozzle configurations at multiple combustion
pressures.
With the long duct attached, the measured thrusts are shown in Figure 33. Interestingly, the duct thrust is
almost always greater with the solid and C-ring attached compared to no ring. The difference in behavior
compared to the short duct must be because of the difference in length since all other parameters were the
same. The long duct generates greater thrust with the solid and C-rings because the length allows it to
extract more thrust from the higher turbulence flow created by the solid and C-rings. Another way to
explain the long duct’s greater thrust is to say while inside the long duct the shear layer has enough time to
grow enough and generate more thrust.
The C-ring is supposed to create the most turbulence, increasing the rate of mixing between the rocket
exhaust plume and the ambient, secondary air, which is at the sacrifice of a small amount of energy from
the exhaust which would otherwise result in thrust. So the thrust lost with the C-ring is changed to
turbulence, entraining more secondary flow, and the mixing ducts recover the energy creating more thrust.
The rings operated at least qualitatively in the expected direction. Long duct case tests #12, #5, and #9 with
the three ring configurations at ~386 𝑝𝑠𝑖 combustion pressure, showed the C-ring produced the least total
thrust (seen in Figure 24) however it produced the most mixing duct thrust for the long duct case. The total
thrust for the no ring test (#12) was 35.53 𝑙𝑏𝑓, the total thrust for the solid ring test (#5) was 34.55 𝑙𝑏𝑓,
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and the total thrust for the C-ring test (#9) was 34.46 𝑙𝑏𝑓 as seen in Figure 24. The no ring case produced
the most total thrust and the C-ring produced the least thrust. The difference between the no ring and the
other two rings was ~1 𝑙𝑏𝑓, while the difference between the solid and C-ring was small, 0.09 𝑙𝑏𝑓. The
mixing duct thrust measured for these three tests was similar but in reverse since the generation of greater
turbulence increases the mixing duct thrust. The mixing duct thrust for the no ring test (#12) was 2.72 𝑙𝑏𝑓,
the mixing duct thrust for the solid ring test (#5) was 3.25 𝑙𝑏𝑓, and the mixing duct thrust for the C-ring
test (#9) was 3.36 𝑙𝑏𝑓. As the combustion pressure was increased the influence of the three rings on total
thrust and mixing duct thrust was similar.
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Figure 33: Long duct thrust for different nozzle configurations at multiple combustion
pressures.

4.2.3

Duct Thrust: Duct Cases Divided by Combustion Pressure and Throat Area

As with the total thrust and engine thrust discussed, the duct thrusts were divided by the combustion
pressure and nozzle throat area. Starting with Figure 34 the resulting values are displayed. In the no ring
case, the long duct does the best and has a decreasing trend as pressure increases. The short and diverging
ducts act consistent with what has been seen in previous plots and they do not seem to change a lot as
pressure changes.
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Figure 34: No ring, duct thrust divided by combustion pressure and nozzle throat area at
multiple combustion pressures.
With the solid ring attached, in Figure 35 the long duct again does best and has a downward trend.
However this time the short and diverging ducts also have a trend, as pressure increases they all trend
towards the zero thrust line. This could indicate that as the nozzle becomes less over expanded and finally
reaches optimal expansion the mixing duct thrust is zero, regardless of the mixing duct’s shape. Also it
should be noticed that the solid ring has greater values than the no ring cases.
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Figure 35: Solid ring, duct thrust divided by combustion pressure and nozzle throat area at
multiple combustion pressures.
Finally with the C-ring attached, Figure 36 shows similar trends to Figure 35 and in some cases the values
are even greater than the solid ring values. The differences are not too different but it does indicate there is
some difference between the two cases, which is most likely due to the rings.
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Figure 36: C-ring, duct thrust divided by combustion pressure and nozzle throat area at
multiple combustion pressures.
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4.2.4

Duct Thrust: Comparing Long and Short Ducts Divided by Internal Area

To understand if the length of the short and long ducts had an impact on their thrust, each test’s duct thrust
was divided by the internal area of the straight vertical section of the respective duct. The division resulted
in a thrust per unit area which is analogous to wing loading in aircraft analysis, and for the purposes of this
investigation a higher thrust per unit area value is better. Figure 37 shows the no ring tests where the long
duct decreases as chamber pressure increases and the short duct increases as pressure increases. The thrust
per unit area values seem to be converging and could reverse their relative positions as pressure is
increased.
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Figure 37: No ring, short and long duct thrusts divided by internal surface area at multiple
combustion pressures.
The solid ring cases of the short and long duct thrusts are shown in Figure 38. The C-ring cases of the short
and long duct thrusts are shown in Figure 39. The two plots show similar trends with the long and short
ducts both decreasing in performance as the pressure increases. Compared to Figure 37, the differences
between the two mixing ducts are much greater and the C-ring shows the best performance between the
three rings, with the solid ring a close runner up, and the no ring being the least. The C-ring was designed
to induce turbulence by way of the cavity and the solid ring creates some turbulence by providing a surface
on which the flow’s boundary layer can grow and become turbulent.
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Figure 38: Solid ring, short and long duct thrusts divided by internal surface area at multiple
combustion pressures.
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Figure 39: C-ring, short and long duct thrusts divided by internal surface area at multiple
combustion pressures.
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4.3

Primary Mass Flow Rate Plots

The groupings in Figure 40 highlighted the consistency of the pressure settings and mass flow rates
between different tests. The combustion pressures and mass flow rates increased as the feed pressures
increased. The engine was designed to use 0.0114 𝑠𝑙𝑢𝑔/𝑠 total mass flow of ethanol and oxygen when
combusting at 1,000 𝑝𝑠𝑖. The maximum total mass flow reached during testing was ~0.01 𝑠𝑙𝑢𝑔/𝑠. The
difference between the design total mass flow rate and the measured total mass flow rate is reasonable since
the maximum test combustion pressure was ~680 𝑝𝑠𝑖.
The vertical groupings of the red markers in Figure 40 denote the three nominal pressure sets which have
been commented on (400 𝑝𝑠𝑖, 550 𝑝𝑠𝑖, and 680 𝑝𝑠𝑖). The long duct produced the highest thrust in all
cases. In the cold flow test cases the long duct produced even more thrust than the hot fire tests because the
cold flow tests had the lowest chamber pressure of all the tests and was most over-expanded. The cold flow
tests had a chamber pressure of ~100 𝑝𝑠𝑖 and are shown with the blue markers. The blue, cold flow,
markers group together in the same fashion as the red markers.
The long duct thrust decreased as combustion pressure increased because the over-expanded exhaust from
the engine, which pulls the mixing duct upward, increased in pressure and became less over-expanded as
the combustion pressure increased. The diverging duct produced negative thrust because the horizontal
component of surface area on the internal diverging section of the mixing duct was exposed to a lower
pressure than the pressure at the surface of the entrance of the mixing duct. The short duct produced about
the same amount of absolute thrust as the diverging duct; however the relative thrust was positive. The
short and diverging ducts had the same inlet area and the same length for all intents and purposes; the only
difference was that the internal diameter increased in the diverging duct while moving away from the inlet
going toward the outlet. The length of the mixing duct was far more influential than diverging and straight
walls, although a converging mixing duct might have produced more thrust than either of the short and long
ducts. Lastly, since the short and diverging ducts were the same length and assuming a converging duct
would be a mirror image of the diverging duct, then following the pattern created by moving from the
negative to the positive thrusts it could be inferred that the converging duct would produce more thrust than
the short duct if not more than the long duct.
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Figure 40: Duct thrust and total propellant mass flow rate for all tests.
Figure 41 showed the total thrust of the system plotted versus the total mass flow rates through the engine.
Just as in Figure 40 the total thrust points again showed grouping around specific mass flow rates which
were functions of the pressure settings. Pressure recovery was better for the long duct (as long as the
boundary layer does not separate) since the longer the duct the slower the speed and more pressure
increases were achieved as the primary and secondary flows traveled forward. The secondary flow was
subsonic because the primary flow was over-expanded and it was likely that thrust would be higher if the
secondary was supersonic, especially for the diverging duct cases since it would have continued to expand
the flow if the secondary flow was supersonic.
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Figure 41: Total thrust and total propellant mass flow rate for all tests.

4.4

Mass Flow Rate Ratio and Pressure Ratios

The pressure ratio between combustion chamber pressure and ambient pressure along with the theoretical
mass flow rate ratio were calculated since these ratios were often used to describe AAR operation.
The mixing duct inlet area to rocket engine nozzle exit area ratio is given by Equation 4-2.
𝐴3
40
=
= 4.47
𝐴𝑒 8.95

4-2

On Figure 42 the blue line is the curve created by mass flow rate ratios versus area ratios and the mass flow
rate ratio corresponding to 4.47 area ratio was highlighted by the intersecting vertical and horizontal lines.
The corresponding mass flow rate ratio was 1.56, which represented the theoretical mass flow rate of
secondary flow being moved by the system.
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Figure 42: Ideal pumping curve showed the mass flow rate ratio versus the exit area to duct
inlet area ratio (20).
Figure 43 shows the duct thrust and the total thrust plotted against the pressure ratio. The top plot on the
figure shows the duct thrust and the bottom plot shows the total thrust. Both plots reference the same
pressure ratios which are labeled on the bottom plot for simplicity. Also both plots reference the same
legend at the top of the figure. The pressure ratios were calculated by dividing the combustion pressure for
each respective test by the ambient pressure which was recorded and about 14.7 𝑝𝑠𝑖 for all the tests.
The points plotted clearly form into groups which indicate the engine and data collection were very
consistent. The impact of the mixing ducts and rings was minimal on the total thrust. The trends of the
mixing duct thrusts show the long duct thrust steadily decreases, the short duct decreases as well but less
steeply, and the diverging duct increases as the pressure ratio increases and becomes closer to optimal
expansion of the nozzle. The minimum tested combustion pressure was ~400 𝑝𝑠𝑖 and the maximum tested
combustion pressure was ~690 𝑝𝑠𝑖 yielding results over a nozzle pressure ratio range of ~27 − 47.
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Figure 43: Duct thrust and total thrust versus pressure ratio for all tests. The top plot was duct
thrust and pressure ratio for all ducts, and the bottom plot was total thrust and pressure ratio
for all ducts.

4.5

Over-Expanded Nozzle Operation

The pressure losses across the injector and the entire feed system were far greater than expected. In
conjunction with the maximum allowable supply pressure the attainable combustion pressure was limited to
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a maximum of about 750 𝑝𝑠𝑖. The nozzle, however, was designed to expand 1,000 𝑝𝑠𝑖 to 14.7 𝑝𝑠𝑖 (a
pressure ratio of 68) but since the real combustion pressure was limited to 750 𝑝𝑠𝑖 the nozzle was always
over-expanded during all the test cases. Thankfully the engine was operable across a significant range of
combustion pressures allowing for the many different cases investigated in this report. The pressures
reached while testing were high enough to keep the flow attached to the nozzle because of the exit
pressures calculated in Equations 4-3 and 4-4.

420 ∗

14.7
= 6.17 𝑝𝑠𝑖
1000

4-3

750 ∗

14.7
= 11.0 𝑝𝑠𝑖
1000

4-4

were higher than 40% of ambient pressure which is 5.88 𝑝𝑠𝑖 (12).
Figure 44 shows three screenshots from the footage taken during testing with Cal Poly Space System’s
GoPro Hero 3 camera. The three tests shown were preliminary tests done on the engine to find its
maximum operating combustion pressure and are not reported in the test matrices. The figure shows frames
that display how the plume looked at different levels of over-expansion. The left most image was taken
when the combustion pressure was 490 𝑝𝑠𝑖, the middle image was taken at 610 𝑝𝑠𝑖, and the right most
image was taken at 750 𝑝𝑠𝑖. In the 490 𝑝𝑠𝑖 case the plume was not visible until about a foot away from the
engine. The 610 𝑝𝑠𝑖 and 750 𝑝𝑠𝑖 cases were much brighter than the 490 𝑝𝑠𝑖 case, and both higher pressure
plumes were visible starting at the exit of the nozzle. The 610 𝑝𝑠𝑖 and 750 𝑝𝑠𝑖 tests were not too different
from each other.
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𝑃𝐶 = 490 𝑝𝑠𝑖

𝑃𝐶 = 610 𝑝𝑠𝑖

𝑃𝐶 = 750 𝑝𝑠𝑖

Figure 44: Screenshots of several test fires showing how the plume of the engine changes with
increasing chamber pressure.

4.6

Flow Interpretation

Figure 45 through Figure 48 depict what the exhaust plume of the engine and the ambient air flow looked
like.
The nozzle end of the engine is shown in Figure 45 with the three different ring configurations; the primary
flow was depicted by the red arrow and the zigzag, red-to-orange gradient lines. The shear layer was
represented with the burgundy swirls and as the ring configuration changed the swirls changed in size. The
secondary flow was represented with the curvy, blue-to-orange gradient lines. The rendering was an artistic
depiction of how the flow was believed to be behaving, which was based on the data collected, videos
recorded, and the research conducted. The shear layer depicted in the figure grows as the no configuration
changes from no ring, to solid ring, and to C-ring.
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The shear layer grows wider as the nozzle configuration progresses
from no ring, to solid ring, and to C-ring.

Figure 45: Depiction of how the plume and shear layer look with different rings. The nozzle and
rings had been sectioned to see the details.
The videos recorded during the 550 𝑝𝑠𝑖 nominal chamber pressure tests were very helpful and frames from
six of these tests are presented in Figure 46 and Figure 47. All three ring configurations were tested without
a mixing duct attached. The tests in Figure 46 were done with the oxygen and nitrogen regulators set to the
same pressure (1150 𝑝𝑠𝑖). The tests in Figure 47 were done with the nitrogen regulator set to 50 𝑝𝑠𝑖
higher than the oxygen regulator (1150 𝑝𝑠𝑖 on the nitrogen regulator and 1100 𝑝𝑠𝑖 on the oxygen
regulator). So the engine was burning slightly more fuel rich in the tests shown in Figure 47. In both of the
test sets the engine was combusting fuel rich, the fuel in the exhaust plume and its secondary combustion
interfered with the visibility of Mach disks.
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The red ellipses and circles in the two figures highlight the areas where the flow differences were the most
noticeable. In both figures, the flow changes from a bright, distinct flame to a duller, fuzzy flame as the
nozzle was tested with the no ring, the solid ring, and the C-ring. The difference between the no ring case
and the other two cases is very prominent. The difference between the solid ring and C-ring cases is less
prominent, but they coincide with what the thrust data suggested. The Mach disks are hard to discern,
however the disks and the shape of the plume are more sharply defined in the solid and C-ring cases. The
turbulence induced by the solid and C-rings causes the plume’s outer layers to combust with the secondary
flow and be clearer. In the no ring case the unburned fuel hides the plume and makes it fuzzier.
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No Ring

Solid Ring

C-Ring

Figure 46: Screen captures of test #25, 26, 27 (𝑷𝒄 = ~𝟓𝟖𝟎 𝒑𝒔𝒊) in that order from left to right.
The pictures show the change in the plume between the ring conditions. The red ellipses
highlight where the flow differences were the most noticeable.
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Figure 47: Screen captures of test #40, 41, 42 (𝑷𝒄 = ~𝟓𝟎𝟎 𝒑𝒔𝒊), in that order from left to right.
The pictures show the change in the plume between the ring conditions. The red circles highlight
where the flow differences were the most noticeable.
Yu and Schadow recorded their tests on a super-VHS tape. Evaluating the tape for the time-averaged
visible light emission, Yu and Schadow saw greater luminosity in the exhaust plume as evidence of
afterburning (10). The base idea for the C-ring was it increases afterburning and from what Yu and
Schadow saw, it means the C-ring tests would produce a brighter exhaust plume. In this study the
brightness based on videos of the testing was also used to indicate afterburning. But Figure 46 and Figure
47 show the opposite of what Yu and Schadow saw. AARLITE was operated with different propellants and
at different conditions compared to Yu and Schadow’s testing, AARLITE’s nozzle was over-expanded, it
had a higher exit Mach number, the mixture ratio Yu and Schadow used is unknown, and their flow
expansion is unknown.
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The impact the rings had on the ducts could be better understood with the artistic depiction in Figure 48.
The secondary flow had increasingly greater mixing with the primary flow and greater entrainment into the
ducts as the nozzle was equipped with no ring, solid ring, and C-ring. The long duct took the most
advantage of the greater entrainment due to its length. The diverging duct was the most disadvantaged
because it was not long enough and its internal diameter increased along its length.
The solid and C-rings act very similarly to each other and it was speculated the major mode by which they
create a significantly different flow compared to the no ring case was by either having a larger recirculation
zone at the exit plane of the retaining nut or by having a boundary layer trip point inside the nozzle that
causes the increased shear layer growth rate. The trip point was labeled in Figure 48.
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Figure 48: Partial section view of the engine with the three
ducts and no ring, possible flow fields shown with the arrows.

70

5.

Conclusion

The focus of this research was to characterize the performance of the three mixing ducts and annular cavity
configurations to form a baseline set of data for future work with AAR’s in the over-expanded nozzle case.
Complementing the focus of the report, the major goal was to produce evidence of thrust augmentation and
quantify the changes in thrust across different combustion pressures.

The rocket engine used for this research was a liquid 95% ethanol and gaseous oxygen bi-propellant
engine. The mixing ducts were attached to the test stand’s 25 lbf load cell in a ducted rocket configuration.
A graphite annular cavity facing parallel to the direction of the primary flow at the end of the nozzle was
tested alongside the mixing ducts. The nozzle was also tested with no ring and a solid ring (no groove). The
pressure loss across the injector was about five times higher than the design pressure loss and did not allow
for the 1,000 𝑝𝑠𝑖 design combustion pressure to be reached. The engine was always operated in the overexpanded condition. The three nominal combustion pressure sets tested were ~400 𝑝𝑠𝑖, ~550 𝑝𝑠𝑖, and
~680 𝑝𝑠𝑖, yielding a pressure ratio range of ~27 − 47 relative to 14.7 𝑝𝑠𝑖 ambient pressure.

The rings and mixing ducts created significant changes to the total thrust of the system when they were
attached. The no duct case generally produced the most total thrust, especially in the lower combustion
pressure, pressure sets. Of the three mixing ducts the long duct created the greatest increase in total thrust
relative to the other two mixing ducts. The diverging duct produced the least total thrust of the three mixing
ducts, and the short duct performed in the middle of the long duct and diverging duct.

Tests at ~387 psi with no ring showed the long duct produces the greatest total thrust and mixing duct
thrust augmentation. The solid and C-rings produced the same pattern as the no ring, however, the total
thrusts for the cases was shifted down by 0.65 to 1.07 𝑙𝑏𝑓. When the rings were cycled through and tested
with each of the mixing duct configurations, the no duct case produced the most total thrust and of the
mixing ducts, the long duct again performed best and the diverging duct was the worst.

Even though the mixing ducts created positive thrust, except in the case of the diverging duct, all the
mixing ducts created a drag force on the system which was the same or greater than the mixing duct thrust.
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Meaning the total thrust was the same or reduced when the mixing ducts were attached, so total
performance was not increased. The drag force was high because the nozzle was always operated in the
over-expanded condition. In the over-expanded condition the exhaust plume is a lower pressure than
ambient air so the ambient air gets pulled toward the exhaust plume because of a pressure differential, not
by being entrained in the shear layer. Imagine a vacuum being placed at the nozzle end of the engine. The
vacuum pulls upward on the mixing ducts, creating thrust, and pulls downward on the engine, creating
drag. The pulling of the engine downward was significant when the mixing duct was attached because the
mixing ducts cause the low pressure flow to concentrate around the base area of the engine’s nozzle. As the
combustion pressure increased, the thrust from the mixing ducts and the drag on the engine decreased.

If the engine is operated with optimal expansion, the mixing ducts would either have no impact or they will
create augmented thrust without pulling the engine downward. Furthermore if the engine is underexpanded, the plume would most likely impart even more energy to the mixing ducts and have significantly
greater performance with the mixing duct compared to the conventional, ductless configuration. In the
optimally expanded and under-expanded cases, the diverging duct is predicted to create the same or more
thrust than the short and long ducts.

The long duct produced the most thrust, the diverging duct produced the least thrust, and the short duct
produced a middle range thrust. In the tests in pressure set 1 the diverging duct thrust was −0.257 𝑙𝑏𝑓, the
short duct thrust was 0.632 𝑙𝑏𝑓, and the long duct thrust was 2.717 𝑙𝑏𝑓. The thrust of the long duct was
about four times greater than the short duct while its mass was only about 2.4 times greater. The behavior
repeated when the solid and C-rings were attached. With the rings attached the differences between the
mixing duct thrusts was again more exaggerated in the same pattern as the total thrust. As combustion
pressure increased the mixing ducts’ thrusts also followed a converging trend like the total thrust.

The solid and C-rings extend the nozzle without changing the exit area. Both rings reduced the total thrust a
small amount and as expected the C-ring reduced the thrust the most. Tests with no duct, the diverging
duct, and the short duct also show the same trend as the long duct thrust trend. One clarification: since the
diverging duct produced negative mixing duct thrust the solid and C-ring increased the absolute mixing
duct thrust while the actual thrust was decreased further.
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In conclusion, testing showed the mixing ducts to produce more drag than thrust and the rings reduced the
total thrust of the system at over-expanded nozzle operation. However, the short and long ducts did produce
positive thrust and the attachment of the solid and C-rings increased the absolute thrust produced by all the
mixing ducts. The long duct produced the most mixing duct thrust showing it augmented thrust the most in
the over-expanded nozzle condition. The nozzle exit pressure (the over-expanded flow) had a major impact
on the total thrust and mixing duct thrust because as the combustion pressure increased the total thrusts
tended to become closer to each other and the mixing duct thrusts tended to converge. Testing the system at
optimal and under-expansion of the nozzle should produce useful results to better characterize the operation
of the rings and mixing ducts.
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6. Future Work and Suggestions
Throughout the work done for the current report there were many ideas that came up for how to improve
and build on the work done. Table 9 listed the ideas which had come up throughout the process. The table
was divided into two levels of complexity. Level I ideas were considered work an undergraduate
engineering student could completer and Level II were considered work a graduate engineering student
could complete.
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Table 9: Ideas for improvement and future research were categorized by two levels of complexity.
Level I
Add a thermo couple (tap) to the nozzle right at the water
inlet distribution channel to monitor the temperature near
the throat. Test Materials for heat resistance using the ring
retention nut to hold them onto the end of the nozzle.
Improve the injector/manifold gasket sealing capability.
Make a new nozzle for the chamber pressures attainable.
Make multiple nozzles or nozzle inserts with different area
ratios to test the engine at multiple pressure ratios.
Move the fuel and oxygen actuators/valves, check valves,
and Venturi flow measurement tubes as close to the engine
as possible.

Create Matlab code to run through all of the Excel data
from LabView more efficiently than hand calculating all
the averages.

Manifold at least three oxygen and nitrogen cylinders in
order to get more tests and more consistent results.
Possibly get higher pressure (6,000 𝑝𝑠𝑖) oxygen cylinders,
nitrogen cylinders, and regulators.
Get true differential pressure transducers for the Venturi
tubes.
Attach the engine to its own dedicated load cell which
directly measures the engine's thrust. Allows for
calculation of the mixing duct drag term in Equation 4-1.
Test with more fuel in the fuel tank so the engine does not
run out of fuel when the feed system time delay relays turn
off.
Investigate how feed pressures are connected to
combustion pressure. Come up with some relation, for
example: if the ethanol and oxygen feed pressures are the
same and divided by a constant. Creating an estimate of
the combustion pressure to within 10psi.

Level II
Test the level of augmentation by varying the distance
between the nozzle exit plane and the duct inlet plane. The
ducts were engraved with scale marks to make this option
easy.
Flip the short and long ducts to see if the radiused inlets
make a difference.
Add pressure ports along the side of the ducts and
instrument the ducts with differential pressure transducers.
At the very least add two ports one at the entrance and one
at the exit of each duct.
Test the same cases multiple times to get a more accurate
understanding of the repeatability between individual tests.
Test with greater than ~50psi pressure difference between
the O2 and N2 regulators to have a greater range of
mixture ratios. Vary the regulator pressure differences by
at least 150psi. This will allow for better conclusions to be
drawn about how fuel rich combustion affects thrust
augmentation, especially if using a cavity to induce
turbulence, mixing, and after burning.
Attach a large diameter and long length pipe section closer
to the engine. This large volume will act as a plenum and
allow for easy measurement of the stagnation pressure of
the feed line before going into the manifold. Attach
pressure transducers on the plenum.
Make and test a thin(er) walled mixing duct to see how the
area at entrance and exit end of the duct affects the thrust
from the duct.
Equip the ducts with fuel injection nozzles to experiment
with secondary fuel injection. By injecting fuel directly
into the secondary flow the nature of AAR function is
more thoroughly explored.
Flip the diverging duct around to see what happens when
the area is "reversed". Flipping the diverging duct will
make it a converging duct.
Experiment with and investigate different cavity
dimensions and designs with the engine. For example test
round bottom cavities or dove tail cavities. Continue and
extend the work of Yu and Schadow.
Test multiple annular cavities in series. For example two of
the same C-rings stacked back to back and held on by the
cavity retaining nut.
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APPENDICES
Appendix A: Testing Procedure
AARLITE FIRING PROCEDURES
Bipropellant Rocket Engine Firing Procedure
Last Modified: 12/1/2015 10:31:00 PM
Last Printed: 12/1/2015 10:31 PM
PROCEDURE HAZARDS, REQUIRED PERSONAL PROTECTIVE EQUIPMENT (PPE), AND
SAFETY GUIDELINES:


Test firing the engine involves the use of liquid ethanol for fuel:
o Ethanol (CAS 64-17-5):
 Flammable: keep away from open flames, high heat sources, sparks, or other sources
of ignition



Safety glasses (“ANSI Z87+” or better) must be worn at all times in the test cell along with closed toe
shoes, long pants, and sleeved shirt.
The bi-prop rocket engine is extremely loud so ear protection is required in the control room at all
times while the engine is running.
No personnel are allowed to be in the test cell, in direct line of sight of the engine when there is only
one switch flip (or other actuation mechanism) keeping the three components of the fire triangle
separate (in this case gaseous oxygen, ethanol, and electric spark).
Safety is number one! When in doubt (with respect to safety):
o Secure the area, do not allow anyone to enter the “danger zone”
o In case of large “danger zone” or earthquake, evacuate to parking lot immediately south of the
lab
o Call lab and/or project advisor
o Call Cody Thompson (Aerospace Dept. Safety Coordinator: 805-756-1309)
o Call Environmental Health and Safety (for immediate assistance: 805-756-6661)
o Call 911





PROCEDURE DETAILS:


This procedure is formatted as a checklist; please print out a hardcopy and use it as such. During the
lab activity, please make hand-written notes of any deviations from nominal behavior, if any errors are
found, or if any additions or changes must be made to the procedure to allow for better subsequent
operations. All corrections, additions, or changes must be recorded as soon as possible and all old
versions collected and disposed of properly to prevent use of out of date documentation.

PROCEDURE CONVENTIONS:





General heading titles are UNDERLINED AND ALL UPPERCASE LETTERS, e.g. PROCEDURE
CONVENTIONS.
Important notes and heading titles are UNDERLINED, BOLD, AND ALL UPPERCASE
LETTERS, e.g. TEST CELL PREPARATION.
Buttons, switches, and other controls manipulated by an operator are highlighted in bold font, e.g. Fuel
Enable
Readouts or other information displays are highlighted in italicized font, e.g. Elapsed Run Time
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A. TEST CELL PREPARATION





A.1.

Post signs outside around the perimeter of the Propulsion Laboratory to warn passersby of
the loud noises from the tests to be performed

A.2.

Warn people in the surrounding laboratories of the loud noise from the tests to be performed

A.3.

Fully open both test cell “roll-up” doors and lock the doors’ chain in place



A.4.




Clear test cell area of any loose objects near the rocket test stand (anything that may be kicked
up by the rocket)
A.5. Clear test cell area of any flammable materials (put away in flammables cabinet or put outside
the building)
A.6.

Check the test cell area for fuel spills or leaks; clean up any spills or leaks
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B. PERSONNEL PREPARATION
Note: while you can hear people yelling during a firing, you will likely only know that you are being yelled
at if you’re looking at the person who is yelling. So coordinate how you plan to communicate while the
engine is running. (Make use of hand signal…)








B.1.

Familiarize all personnel with features of the rocket apparatus, including fuel and oxidizer
flows, load cell(s), and ignition system
B.2. Review all safety information for the facility and lab. Refer to the front cover page for
emergency contact numbers and evacuation exits/location
B.3.
B.4.
B.5.
B.6.

Point out where the fire extinguishers are located
Familiarize all personnel with the lab procedure (go over the section headings) and control
room set up (data collection computer and control box)
Clearly determine which personnel will execute the various duties of the lab activity
Dry-run Sections C through H (as appropriate) of this procedure with the personnel who will
execute those activities prior to running the procedure “for real”

C. ROCKET PREPARATION
















C.1.

All personnel in test area don ear and eye protection

C.2.

Attach/place water source and water return hoses at the sink and test stand. Make sure the
hoses are secure and will not flail about when pressurized, especially the water return hose during
the water exhaust process
C.3. Open the spigot valve at the sink and confirm the water hose is connected to pressurized water
supply by looking at the water pressure gauge on the test stand. It must indicate a minimum of 60
psi with the flow control solenoid off (it should normally be 90 psi)
C.4.

Turn on water flow control solenoid

C.5.

Watch for water flow through the clear vinyl feed and return hoses going to the engine, and
listen for water flow in the sink in order to confirm the coolant system is primed for action
C.6. With the water flowing fill a gallon (preferably larger) bucket and time how long it takes to fill
the bucket
C.7. Confirm the water fills 1 gal every 15 seconds, 2 gal every 30 seconds, 3 gal every 45 seconds,
4 gal every minutes, etc.
C.8.
C.9.

Turn off water flow control solenoid and test conductor carries the keys to the key switch
Unscrew nitrogen regulator adjustment screw setting the regulated pressure to zero (do not
unscrew all the way, just until no resistance is felt)

C.10. Place glass fuel beaker below fuel drain valve
C.11. Confirm no residual fuel in system by opening the fuel drain and then the fuel fill valves
C.12. Close fuel drain and fuel fill valves
C.13. Turn on the sensor power on the test stand
C.14. Power on the DAQ computer and open LabView VI
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C.15. Test operation of VI and sensors:
a. Click the Run button (white arrow, top of the VI window under the menu bar)
b. Enter a test data file name and file location in the prompt (a default file name will appear
which can be used or changed)
c. Verify that the VI is operating (the readouts for thrust and pressure should start updating)
d. Tare/zero all readouts in the VI when all the load cells and pressure transducers are at
zero. Before zeroing all the sensor readouts should be within +/- 5lbf on the load cell and
+/-10psi on the pressure transducer readouts. If they’re not, that means something is wrong
C.16. Once the load cell readings have been zeroed, the load cells may be loaded with the engine
support rail and the duct attachment harness. The engine support rails bolts must be tightened
starting with bolt labeled 1 and then bolt 2 using a ½” combo wrench. The duct harness bolt must
be tightened by using 7/16” combo wrench on the bolt and a ½” (support) open-end wrench on the
live end of the load cell. Never torque the load cell without a support wrench. The engine load
cell output should be ~36lbf and the duct load cell output should be ~2lbf. Tare the readings of the
load cells as required

D. COLD GAS THRUSTER PROCEDURE (no fuel)
If cold gas thruster demonstration is not required skip to Fuel Filling Procedure, section E.
Only the minimum number of personnel are to take part in any steps which require entering the
test cell.












D.1.

Make sure the power cord to the control box is unplugged, the test conductor has the firing
keys, and the air supply hose to the pneumatically actuated valves is unplugged
D.2. Slowly open the nitrogen cylinder valve until the cylinder pressure gauge stops moving, then
fully open the valve
D.3. Set nitrogen pressure regulator to desired test pressure (maximum 1,500 psi), confirm using
LabView VI
D.4.

Unscrew the oxygen pressure regulator until no resistance is felt in the adjustment screw

D.5.

Slowly open the oxygen cylinder valve until the cylinder pressure gauge stops moving, then
fully open the valve
D.6. Set oxygen pressure regulator to desired test pressure (maximum 1,500 psi) , confirm using
LabView VI
D.7.

Plug in air supply hose to the pneumatic valves

D.8.

All personnel enter the control room and close doors

D.9.

Plug in the power cord to the control box and turn on the main 6A breaker

D.10. Click the Record button in the LabView program to begin recording data



D.11. On Control Box
___a. Turn on the Key Power Switch
___b. Turn on Fuel Enable and trigger the fuel control valve for 2 seconds
___c. Turn off Fuel
___d. Turn on Oxygen Enable and trigger the oxygen control valve for 2 seconds
___e. Turn off Oxygen
___f.
Turn on the Fuel/Oxygen Enable and trigger for 2 seconds
___g. Turn off all switches, the Key Power Switch goes back in the hands of the test
conductor, turn off the main 6A breaker, and unplug the power cord



D.12. Click the Record button to stop LabView recording data
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D.13. Before entering the test area confirm proper safety equipment is worn
a. Ear Protection
b. Eye Protection
D.14. Close oxygen cylinder valve and nitrogen cylinder valve
D.15. All personnel return to control room and close doors
D.16. Plug in the control box power cord
D.17. Turn on the main 6A breaker and turn on the Key Power Switch
D.18. Enable and trigger the Oxygen Control Valve until no sound is heard, the oxygen regulator
pressure gauges read zero, and the LabView displays less than 1 psi in the oxygen system
D.19. Turn off the Oxygen Control Valve
D.20. Enable and trigger the Fuel Control Valve until no sound is heard, the nitrogen regulator
pressure gauges read zero, and the LabView displays less than 1 psi in the fuel system
D.21. Turn off Fuel Control Valve
D.22. LabView program may now be stopped by pressing any of the stop buttons (however it is not
necessary to stop the program since it can be used to monitor the sensors)
D.23. Turn off and remove the Key Power Switch (test conductor keeps possession of the key), all
other control box switches, and unplug the power cord
D.24. Unplug the air supply hose on the test stand
D.25. The oxygen and nitrogen regulator screws are released (turning them off), unless subsequent
tests require the regulators to be set at the current pressure output

E. FUEL FILLING PROCEDURE


SAFETY NOTE: Fuel filling is a potentially dangerous procedure, ethanol is flammable. Review the
MSDS and use proper procedures and safety equipment when handling. Be sure to ground any
containers or people handling ethanol to reduce the chance of static electricity. The fuel handler must
wear gloves and grounding wrist strap.
Again, no personnel are allowed to be in the test cell, in direct line of sight of the engine. In other
words, no personnel are allowed in the test cell when there is only one switch flip (or other actuation
mechanism) keeping the three components of the fire triangle separate (in this case gaseous oxygen,
ethanol, and electric spark). Recheck all personnel are wearing the proper personal protective
equipment.
Only the minimum number of personnel is to take part in any steps which require entering the
test cell.
If Cold Gas Thruster (section D) procedure has already been followed, skip to check point E.6.
If Rocket Firing (section F) procedure has already been followed, skip to check point E.5.






E.1.

Make sure the power cord to the control box is unplugged and once inside the test cell unplug
the air supply to the pneumatic valves

E.2.

Slowly open nitrogen cylinder

E.3.

Set nitrogen regulator to 100psi

E.4.

Close oxygen cylinder
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E.5.
E.6.

Close nitrogen cylinder
WARNING LOUD – Depressurize fuel line by slowly opening the fuel drain (needle) valve,
close the valve when no more noise is heard

E.7.

Pull out the cap on the Fuel Drum to deploy the spout and remove cap

E.8.

Use syringe to pull out the desired amount of fuel (300mL max)

E.9.

Open fuel fill valve



E.10. Make sure the nitrogen line that feeds into the fuel tank is above the fuel tank to prevent ethanol
from flowing backwards to the nitrogen regulator and cylinder



E.11.

The fuel handler must ground himself/herself



E.12.

Inject the ethanol into the fuel tank, make sure fuel does not back up and overflow











E.13. If one syringe full of fuel is not enough return to E.8 and repeat up to 300mL total fuel in the
fuel tank
E.14.

Close fuel fill valve

E.15.

Remove grounding method

E.16. Unless previous tests set the regulators to the required pressure output and it would be difficult
to set them to the same value, make sure the nitrogen and oxygen pressure regulators are
unscrewed (set to zero)
E.17. Slowly crack open the nitrogen cylinder, once the regulator high pressure gauge stops moving
fully open the cylinder valve
E.18. Unless previously set, now set the nitrogen pressure regulator to desired testing pressure
(maximum 1,500 psi)
E.19. Slowly crack open the oxygen cylinder, once the regulator high pressure gauge stops moving
fully open the cylinder valve
E.20. Unless previously set, now set the oxygen pressure regulator to desired testing pressure
(maximum 1,500 psi)
E.21. Plug in the air supply to the pneumatic valves and all personnel return to the control room and
close the doors to the test cell

F. ROCKET FIRING
Before firing the rocket with fuel it is important to make sure all personnel return to the control room,
the control room doors are secured/closed, and that these procedures are strictly followed.
Only the minimum number of personnel are to take part in any steps which require entering the
test cell.







F.1.
F.2.

All personnel return to the control room from the test cell
Post range safety officers outside around the perimeter of the Propulsion Laboratory to warn
passersby of the loud noises from the tests to be performed

F.3.

Confirm all switches on the control box are in the OFF position

F.4.

Plug in the control box

F.5.

Confirm the sensor power switch is turned ON and the sensors are active
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F.6.

On the LabVIEW GUI:
a. Click the Run button to begin LabVIEW GUI
b. Enter in file name when prompted
c. Click the Record button on the front panel of the VI

F.7.

Power ON the control box (plug in, turn on power breaker, plug in and turn on the key switch)






F.8.

CRITICAL – Turn ON Coolant Timed Relay Override Switch and confirm coolant flow,
observing a strong steady stream of water coming out of coolant exit and the water pressure gauge
reading about 50psi

F.9.

Press and hold the Spark switch ON

F.10.

Switch the Fuel Enable and Oxygen Enable Switches to ON
a. Trigger the actuators
b. If the rocket ignites with combustion in the chamber release the Spark switch
c. If the rocket does not ignite or ignites outside the combustion chamber, turn all control box
switches to OFF and skip to misfire procedures section G

F.11.

At the end of the run, switch Fuel Enable and Oxygen Enable Switches to OFF

F.12.

On the LabVIEW GUI
a. Click the Record button to stop LabVIEW data recording
b. You may click the Stop button to stop running the LabVIEW GUI, but it is not necessary if
further monitoring of the sensors is required

F.13.

Allow coolant to circulate through the engine for at least 10 extra seconds after the firing

F.14.

Turn all control box switches to OFF








F.15. If multiple runs are required continue to section G, if not skip to section H: Rocket Safing and
Closeout

G. ROCKET MISFIRE AND/OR MULTIPLE RUNS
Only the minimum number of personnel are to take part in any steps which require entering the
test cell.






G.1.

Confirm all switches on Main Control Box are in the OFF position and the box is unplugged

G.2.

Confirm no residual ignition source is in test area by checking for flames, heat waves, or other
signs of fire
G.3. Enter the test cell and check or troubleshoot the system while taking no action
a. If the system is in correct working order go back to section F or E (as appropriate) and
repeat if multiple runs are desired. If multiple runs are not desired proceed to section H
b.

If the system is not in correct working order, close cylinder valves, reenter control room,
and vent all remaining pressure in the oxygen and then the fuel lines as done in H6 and H7
sections. After depressurizing the system enter test cell and disconnect oxygen and nitrogen
cylinders. Proceed with system investigation and troubleshooting. If at any point in doubt,
secure the area and contact advisor, department safety coordinator, EHS, and/or campus
police as described under the first section “PROCEDURE HAZARDS…”

H. ROCKET SAFING AND CLOSEOUT
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H.1.

Before entering test area confirm there is no ongoing combustion or fire by checking for flames,
heat waves, or other signs of fire. Unplug the power cord to the control box and the test conductor
has possession of the control key

H.2.

Close oxygen cylinder

H.3.

Close nitrogen cylinder

H.4.

Return to control room, plug in the power cord to the control box

H.5.























Depressurize oxygen line by turning ON the Power Breaker Switch, the Key Switch, the
Oxygen Enable Switch, and the Fire Trigger until no sound is heard, the regulated pressure
gauge reads zero, and the LabView output on the Oxygen Venturi Pressures is zero. Turn OFF the
Oxygen Enable Switch
H.6. Depressurize nitrogen line by turning ON the Power Breaker Switch, the Key Switch, the
Fuel Enable Switch, and the Fire Trigger until no sound is heard, the regulated pressure gauge
reads zero, and the LabView output on the Ethanol Venturi Pressures is zero. Turn OFF the Fuel
Enable Switch
H.7.

Turn OFF the Power Breaker Switch and unplug the power cord to the control box

H.8.

The test conductor has possession of the Key to the Key Switch and now enter test cell

H.9.

In case there is any fuel left in the fuel tank, place glass fuel beaker below fuel drain (needle)
valve and drain the residual fuel by opening the fuel drain (needle) valve and fuel fill valve

H.10. Close fuel drain (needle) valve and fuel fill valve
H.11. Residual fuel in beaker can be disposed of in the hazardous waste container supplied by EHS.
Continue to follow the same static electricity precautions and wearing gloves as when disposing. If
the container cannot be found or it is full contact EHS for a replacement
H.12. Unscrew nitrogen regulator (turn it OFF)
H.13. Slowly open nitrogen cylinder
H.14. Set nitrogen regulator to 100psi
H.15. Reenter control room and plug in the power cord to the control box
H.16. Double check that the fuel line is clear by turning the Power Breaker Switch, the Key Switch,
and the Fuel Enable Switch to ON
H.17. Pulse the Fire Trigger until no liquid is seen exiting the rocket nozzle
H.18. Turn OFF the Fuel Enable, the Key Switch, and the Power Breaker Switch, test conductor
has possession of the key, enter the test cell, and close the nitrogen cylinder
H.19. WARNING LOUD – Depressurize fuel line by slowly opening the fuel drain (needle) valve
H.20. Unplug air supply hose
H.21. Close coolant water supply valve
H.22. Turn ON the control box and flip the Coolant Override Switch so the coolant solenoid valve is
kept open. The pressure on the water pressure gauge should go to zero
H.23. Attach the air supply hose to the water spigot fork and slowly open the valve on the fork,
allowing the shop air to pressurize the water and start the drying process
H.24. Warning: When only a few feet of the water are left in the return hose, the end of the return
hose will want to flail around throwing water everywhere! So keep the end secured and covered
H.25. Run air through the coolant system for about 3 minutes, and then turn OFF the air supply at the
large wall supply valve. Open the water supply hose at the end connected to the test stand and
spray a little bit of Sili Kroil (or similar Kroil lubricant/water displacer) into the water inlet then
reconnect the water supply hose and turn the air back ON. The Sili Kroil helps prevent oxidation of
the components of the engine and help reduce hard water deposits
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H.26. After 5-6 minutes of running shop air through the coolant system, there should be no more
liquid seen in the clear vinyl tubing supplying the engine. Once that is checked, turn OFF the wall
air supply valve and close all valves on the coolant supply fork
H.27. Turn OFF coolant override switch, turn OFF control box, and remove the key. The test
conductor has possession of the key





I.

H.28. Put away the air supply hose and control box key
H.29. Close LabView

LAB CLOSE-OUT







I.1. Close roll up doors
I.2. Clean up any remaining tools, equipment, etc. and lock up equipment cabinet
I.3. Replace ear and eye protection in the cabinet
I.4. Test conductor collects all hard copies of the procedures and makes sure none are left
floating around. This is to make sure only the most up-to-date version is used
I.5. Close lab

Appendix B: Cold Flow Test Plan
AARLITE Cold Flow Test Plan
 Background/Intro
Cold flow testing using GOX and GN2 must be done in order to check the engine and feed system for
leaks, structural capability, overall system functionality, and instrumentation functionality. Only GOX and
GN2 are used without ethanol to simulate the setup of the experiment without having the added
complication of combustion.
While hot-firing the AARLITE system is expected to generate combustion pressures of about 1000 psig,
cold flow testing is expected to operate at much lower pressures because the nozzle will not be choked.


Test Objectives
o Demonstrate and improve testing procedures
o Determine if there are any feed system leaks at feed pressure
o Measure cold flow chamber pressure
o Determine if the engine seals function properly at cold flow chamber pressure
o Demonstrate sufficient engine strength at the cold flow combustion pressures
o Demonstrate the feed system can supply the engine with propellant
o Use the data acquisition system to collect data as a measure of system capability
o Demonstrate the Venturi flow measurement nozzles give reasonable values
o Determine if the chamber pressure measurement tap reads the chamber pressure
o Demonstrate the coolant system is leak free
o Calibrate or quantify bias of pressure transducers and load cells



Firsts
o

Use of UCAR 323 and 0.010” thick Grafoil gasket for manifold/injector and combustion
chamber sealing
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o
o
o

Test
number
1
2
3

Use of the multiple part engine design
Use of the data processing, acquisition, and measurement system
Use of the engine control system

Test matrix
Gaseous Nitrogen Measured Nitrogen
Feed Pressure
Feed Pressure
(PSIG)
(PSIG)
100
200
300

Gaseous Oxygen
Feed Pressure
(PSIG)
100
200
300

Measured Oxygen
Feed Pressure
(PSIG)

Planned Run Time
(sec)
5 to 10
5 to 10
5 to 10

4

400

400

5 to 10

5

500

500

5 to 10

6

600

600

5 to 10

7

700

700

5 to 10

8

800

800

5 to 10

9

900

900

5 to 10

10

1000

1000

5 to 10

11

1100

1100

5 to 10

12

1200

1200

5 to 10

13

1300

1300

5 to 10

14

1400

1400

5 to 10

15

1500

1500

5 to 10

Actual Run Time
(sec)

Comments

Notes

Required test
Required test
Required test
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG

 Measurements (instrumentation)
Engine thrust using 200lbf AmCell load cell. Duct thrust using 25lbf AmCell load cell. Both load cell
signals are conditioned and amplified by two Tacuna Systems signal conditioners and amplifiers.
Five 3,000 psi amplified pressure transducers are used to measure the combustion chamber pressure at the
face of the injector and the differential pressures across the ethanol and oxygen Venturi flow measurement
nozzles.
The data signals are sent to a USB NI DAQ and recorded using a LabView program.
 Risks
The engine’s structural capability has not yet been proven. Testing from low pressure (100 psi) and
incrementally increasing the pressure is conducted to mitigate the chances of the engine structure not
behaving as expected.
Components which carry oxygen may have contaminants which can combust unexpectedly. Testing from
low pressure (100 psi) and incrementally increasing the pressure is conducted to mitigate the chances of
unexpected combustion. Stringent cleaning practices based on industry standards and approved by Cal Poly
EH&S is employed to mitigate the chances of combustible contaminants being in parts which carry oxygen.

Appendix C: Hot Fire Test Readiness Review (TRR) for More than 420psi Chamber Pressure
AARLITE Hot Fire Test Readiness Review (TRR) V4/4


Process
o Hot fire testing using GOX and ethanol must be done in order to check the engine and
feed system for leaks, structural capability, overall system functionality, and
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instrumentation functionality. GOX and ethanol pressurized with GN2 are used. Also
refer to the AARLITE Hot Fire Test Plan for more information.


Unit Under Test
o Predicted structural margin
 Assuming a 1,500psi chamber pressure, a 2.6 Factor of Safety (FoS) exists on
the 16 #2-56 bolts which hold the nozzle on the engine. This FoS is the lowest
throughout the engine and means the 16 bolts will break in tension before any
other component will fail.
o Predicted thermal margin
 Assuming the heat transfer rate at the throat of the nozzle applied to the entire
inner area of the engine, a mass flow rate of ~1 lbm/s of water is required to
keep the engine cool. This estimate is extremely conservative and it must be
noted the steel shell which is the main structural component of the engine is
shielded from combustion temperatures and kept below 200degF.
o Ballistic and performance predictions
 1,000psi nominal combustion pressure and 100lbf nominal thrust
o Validation data or risk mitigation approaches for all of the above
 The engine will be injected with ethanol and oxygen starting at 100psi and
incrementally working up to higher pressures in 100psi increments (100, 200,
300, 400…900, 1000psi). The chamber pressure and thrust will be monitored to
make sure the chamber pressure does not spike to dangerous levels. If a trend of
high pressure (over 1,500psi) becomes apparent when testing at lower injection
pressures, then increasing the feed pressures will not proceed any further.
Additionally the nozzle will be inspected for erosion with each firing.
 ½” thick, 9” long, 8” diameter aluminum pipe surrounds engine during first few
firings
o Expected failure modes in event of overpressure
 The 16 bolts holding the nozzle onto the engine will break and release the nozzle
from the rest of the engine. The nozzle will fall downward opening the
combustion chamber and releasing all combustion pressure.



Test Setup
o See Cold Flow TRR notes and the Cold Flow Test Plan



Procedures
o Refer to the Cold Flow Test Plan, the Hot Fire Test Plan, and the AARLITE Firing
Procedures
o The engine will be injected with ethanol and oxygen starting at 100psi and incrementally
working up to higher pressures in 100psi increments (100, 200, 300, 400…900, 1000psi
chamber pressure). The chamber pressure and thrust will be monitored to make sure the
chamber pressure does not spike to dangerous levels. If a trend of high pressure (over
1,500psi) becomes apparent when testing at lower injection pressures, then increasing the
feed pressures will not proceed any further. Additionally the nozzle will be inspected for
erosion with each firing.
o ½” thick, 9” long, 8” diameter aluminum pipe surrounds engine during first few firings
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Appendix D: Hot Fire Test Plan for More than 420psi Chamber Pressure
AARLITE Hot Fire Test Plan V5/5
 Background/Intro
Hot fire testing using GOX and ethanol must be done in order to check the engine and feed system for
leaks, structural capability, overall system functionality, and instrumentation functionality. GOX and
ethanol pressurized with GN2 are used.


Test Objectives
o Measure hot fire duct thrusts
o Test above 420 psi chamber pressure



Firsts
o



Test above 420 psi chamber pressure

Test matrix

Test
number

Nitrogen Regulator
Pressure (PSIG)

1
2
3

100
200
300

4

400

5

500

6
7

Measured Nitrogen
Oxygen Regulator
Feed Pressure
Pressure (PSIG)
(PSIG)
100
200
300

Measured Oxygen
Feed Pressure
(PSIG)

Planned Run Time
(sec)

Actual Run Time
(sec)

1 to 5
1 to 5
1 to 5

1 to 2
1 to 2
1 to 2

400

1 to 5

1 to 2

500

1 to 5

1 to 2

600

600

1 to 5

1 to 2

700

700

1 to 5

1 to 2

8

800

800

1 to 5

1 to 2

9

900

900

1 to 5

10

1000

1000

1 to 5

11

1100

1100

1 to 5

12

1200

1200

1 to 5

13

1300

1300

1 to 5

14

1400

1400

1 to 5

15

1500

1500

1 to 5

 Measurements
Pre-test fire
Feeler gauges are used to check
the gap between the nozzle and
steel outer shell

Visual inspection of the chamber
either by completely taking apart
the engine or simply looking into
the nozzle with a flashlight

Water temperature is monitored

During test fire
Engine thrust using 200lbf
AmCell load cell. Duct thrust
using 25lbf AmCell load cell.
Both load cell signals are
conditioned and amplified by two
Tacuna Systems signal
conditioners and amplifiers
Five 3,000 psi amplified pressure
transducers are used to measure
the combustion chamber pressure
at the face of the injector, the
differential pressure across the
ethanol and oxygen Venturi flow
tube meters
The data signals are sent to a
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Comments

Notes

Required test
Required test
Required test
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG
Not required, may be skipped but not by
more than 400PSIG

Done in previous tests
Done in previous tests
Done in previous tests
Done in previous tests
Done in previous tests
Done in previous tests
Done in previous tests
Done in previous tests

Post-test fire
Feeler gauges are used to check
the gap between the nozzle and
steel outer shell

Visual inspection of the chamber
either by completely taking apart
the engine or simply looking into
the nozzle with a flashlight

and recorded before hot firing

6210 USB NI DAQ and recorded
using a LabView program
Water temperature and pressure
gauges are monitored for any off
nominal behavior: temperature
spikes and pressure changes not
normally seen during cold flow
testing

 Risks
Higher chamber pressure and temperature will be experienced relative to cold flow testing. This could
create unexpected leaks. This risk is mitigated by doing low pressure testing and limiting operating time.
External combustion risk is mitigated by limited fuel quantities, no personnel, in the test cell, no fuel neat
the test stand, and having fire extinguishers handy. See the Rocket Engine Firing Procedures for further
detailed explanation – This did not occur with 420 psi chamber pressure testing.
Maximum regulated feed pressure is 3,000 psi, maximum plumbing pressure downstream of the check
valves is 2,200 psi, and the mitigation of this risk is handled by the Firing Procedure.
The engine’s structure may not be capable of handling ignition of ethanol/GOX and 1,000psi nominal
operating combustion pressure. Testing from low pressure (100 psi) and incrementally increasing the
pressure is conducted to mitigate the chances of the engine structure not behaving as expected. Additionally
an 8” diameter, 3/8” thick, 8” long aluminum pipe is placed around the engine to protect against the
possibility of explosion.
The engine creates a loud noise when firing with combustion pressures about a few hundred pounds per
square inch. A guard is posted outside the door of the propulsion laboratory to warn people going by that
there will be a loud noise and to keep track of how loud it is outside.
There are many events taking place in the span of one test firing which is a few seconds of time. For
example what the water outlet temperature gauge is doing, what the plume of the engine looks like, what
the plume is doing (burning stuff it shouldn’t be burning), etc. To capture all events for further analysis a
camera(s) is used to film all test fires.

Appendix E: Oxygen Cleaning Procedure
AARLITE Project Gaseous Oxygen Service Cleaning Procedure
Preparation of Components for Gaseous Oxygen (GOX) Service
Purpose:
Parts used for the transfer of oxidizing liquids or gasses can fail with catastrophic results if a reducing agent
(hydrocarbons, alcohol, etc.) is present where the oxidizing matter is present. This cleaning procedure will
ensure that residual reducing agent(s) are cleaned to an acceptable level where the oxidizer will be present.
References:
ASTM G0093-03R11
CGA G-4.1
MIL-STD-1330D
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Overview:
Five step cleaning process:
1. Pre-cleaning
2. Deep cleaning
3. De-ionized/distilled water rinse
4. Inspection
5. Purging with nitrogen
Chemicals to be used:
 Methylene Chloride: toxic, irritant, and registered carcinogen
 De-ionized/Distilled water
 Nitrogen gas
Follow Standard Operating Procedure for further information regarding handling and required
precautions.
Step 1: Pre-cleaning
Ensure cleaning area is clean and free of possible sources of contamination. Remove all dust, or other lose
contaminates with a brush, paper towel, or other suitable method from the part. Once loose contaminants
are removed the part is rinsed with clean water.
Step 2: Deep cleaning
An oxygen service safe cleaning agent is used to thoroughly clean the part by hand. Dynaflux Safety
Solvent (methylene chloride) is chosen for use in this procedure. A fume hood, nitrile gloves doubled with
neoprene gloves, and splash protective goggles must be used to minimize exposure (for additional
information see the project SOP and the University of Michigan’s SOP on Methylene Chloride).
Dynaflux Safety Solvent is used to clean all remaining contaminants. Lint free Kimtech Kimwipes and
powderless nitrile gloves are used where wiping is required and possible. The solvent is sprayed on the part
until the part is thoroughly covered in solvent. Where possible the Kimwipes are used to wipe away the
solvent and the dissolved contaminants until all areas are dry. For areas that are not accessible with
Kimwipes, solvent is sprayed on until it starts to drip off, the part is then left to sit allowing the solvent to
drain and dry off (normally takes about 10 minutes). For all areas the spraying and wiping/draining/drying
process is repeated 3 times.
When handling part with gloved hands, ensure gloves only contact required items (i.e. never contaminate
gloves and part by touching oily rags, dirty clothing, etc.).
Step 3: De-ionized/distilled water rinse
Part is soaked and then rinsed 3 times with de-ionized/distilled water as an extra measure to remove any
residual methylene chloride, which has not evaporated. Lint free Kimwipes and powderless nitrile gloves
are used where wiping is required and possible.
Step 4: Inspection
A three part inspection process on all parts is used:
• Visual
• Wipe
• UV Light
Visually inspect the part looking for obvious loose contaminates, grease, etc. If the part passes the initial
visual inspection, accessible areas are wiped with a white lint free cloth (Kimwipe). The cloth must emerge
clean to pass and move on to UV inspection. Finally, a UV light is used to check for any contaminants
which could have been missed by the other inspection methods. The UV light will cause contaminants to
fluoresce, if there is no fluorescence the part passes the UV light test.
If any part of the inspection process reveals contamination, the part is cleaned again and re-inspected.
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Step 5: Purging with nitrogen
Part is purged (and therefore dried) using clean compressed nitrogen. The part may be assembled into the
full assembly or purged individually. The main purpose is to ensure any remaining water is exhausted from
the system and will not interfere with nominal operation. Otherwise de-ionized water will not combust with
oxidizer or otherwise sustain/aid combustion.
Use of part(s) after cleaning, inspection, and purging:
The part is immediately installed or cleanly bagged/capped, and tagged for later use. Before a bagged or
capped part is installed into a system, the inspection process is repeated to verify that the part was not
contaminated while stored.

Appendix F: Project Safety Operation Plan (SOP)
Air Augmented Rocket with Large Induced Turbulence Engine (AARLITE) Standard Operating Procedure
(SOP)
This is a Standard Operating Procedure (SOP) for the Air Augmented Rocket with Large Induced
Turbulence Engine (AARLITE). It is a written set of instructions that document safety involving
AARLITE’s hazardous operations. The SOP was written for procedures that pose an identified potential
risk to the health and safety of laboratory personnel. A print out of the completed form is kept readily
accessible in the lab (also an electronic copy is always available through the Dropbox folder).
Process:
There are two processes required for the AARLITE project that could be hazardous: oxygen service
cleaning and static test firing. The static test firing of the engine will use gaseous oxygen (GOX) as the
oxidizer and 190 proof denatured ethanol as the fuel. Methylene chloride is used for chemical cleaning of
oxygen service components.
Purpose:
Static test firing: Combustion of the fuel and oxidizer is the primary focus of this study. During a static test
fire the combustion chamber will be strapped down to an instrumented test stand which will record the
needed data. With an ignition spark the fuel and oxidizer are injected into the combustion chamber,
combust, and exit through the nozzle of the engine. Ethanol is used as the fuel in the rocket engine and
GOX is used as the oxidizer. A spark plug is used for ignition.
Oxygen service cleaning: components that contain and are in contact with GOX must be clean of all
combustible substances to prevent unexpected combustion. Methylene chloride is used for chemical
cleaning of oxygen service components.
Potential Hazards/Toxicity:
Potential Acute Health Effects:
Ethanol is flammable and toxic. Ethanol can cause skin and/or eye irritation in case of contact; otherwise it
is non-corrosive to skin, to eyes, and lungs. Gaseous oxygen (GOX) is a strong oxidizer and is kept under
pressure. Methylene chloride is toxic and a registered carcinogen.
Engineering Controls:
Provide exhaust ventilation or other engineering controls to keep the airborne concentrations of vapors
below their respective threshold limit value. The roll up doors to the laboratory must always be fully open
when using ethanol and/or GOX.
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Methylene chloride must be used in a fume hood.
Ensure that eyewash stations and safety showers are proximal to the work-station location.
Personal Protective Equipment (PPE)Hand Protection:
Nitrile gloves must be worn whenever handling chemicals. Nitrile gloves must be doubled with neoprene
gloves for handling methylene chloride.
Eye Protection:
All personnel must have and wear safety glasses (Z87+ or better). Splash protective goggles must be worn
when working with methylene chloride.
Skin and Body Protection:
Personnel working with the ethanol and methylene chloride need to wear full-length clothing or its
equivalent, closed-toe footwear with no exposed skin.
Hygiene Measures:
Wash hands after working with the hazardous substances and when leaving the lab/shop.
First Aid Procedures for Chemical Exposures
In all cases, notify supervisor as soon as possible.
If inhaled:
If inhaled, remove to fresh air. If not breathing call 911 and give artificial respiration. If breathing is
difficult, call 911.
Serious Inhalation:
Evacuate the victim to a safe area as soon as possible. Loosen tight clothing such as a collar, tie, belt or
waistband. If breathing is difficult, administer oxygen. If the victim is not breathing, perform mouth-tomouth resuscitation. Seek medical attention. Call 911
In case of skin contact:
In case of contact, immediately flush skin with plenty of water for 15 minutes. Remove contaminated
clothing and shoes. Wash clothing before reuse. Thoroughly clean shoes before reuse. Get medical
attention as necessary.
In case of eye contact:
Immediately flush eyes with running water for at least 15 minutes, keeping eyelids open. Check for and
remove any contact lenses. Get medical attention.
If swallowed:
Do NOT induce vomiting unless directed to do so by medical personnel. Never give anything by mouth to
an unconscious person. Loosen tight clothing such as a collar, tie, belt or waistband. Call 911 as
appropriate.
Special Handling and Storage Requirements for Hazadrous Materials
Precautions:
Keep locked up. Keep away from heat. Keep away from sources of ignition. Ground all equipment
containing material. Do not ingest. Do not breathe gas/fumes/ vapor/spray. Wear suitable protective
clothing. In case of insufficient ventilation, wear suitable respiratory equipment. If ingested, seek medical
advice immediately and show the container or the label. Avoid contact with skin and eyes. Keep away from
incompatibles such as oxidizing agents, acids, alkalis, moisture.
Storage:
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Store in a segregated and approved area. Keep container in a cool, well-ventilated area. Keep container
tightly closed and sealed until ready for use. Avoid all possible sources of ignition (spark or flame). Do not
store above 23°C (73.4°F).
Spill and Accident Procedure
Chemical Spill Dial 911 and (805) 756-6661
Spill – Assess the extent of danger, the number one concern is personal safety and the safety of those
around you. Evacuate the spill area. Help contaminated or injured persons. Avoid breathing vapors. If safe,
confine the spill to a small area using a spill kit or absorbent material. Keep others from entering
contaminated area (e.g., use caution tape, barriers, etc.).





If Small Spill (less than 1gal) – Dilute with water and mop up, or absorb with an inert
dry material and place in an appropriate waste disposal container.
If Large Spill (more than 1gal) – Evacuate spill area, the number one concern is
personal safety and the safety of those around you. Evacuate the spill area. Help
contaminated or injured persons. Avoid breathing vapors. Flammable liquid. If safe, keep
away from heat or other sources of ignition. Stop leak if without risk. If safe, absorb with
DRY earth, sand or other non-combustible material. Do not touch spilled material. If
safe, prevent entry into sewers, basements or confined areas; dike if needed. Dial 911 and
EH&S at (805) 756-6661 for assistance. Remain available in a safe, nearby location for
emergency personnel.

Medical Emergency Dial 911 or (805) 756-6661

Life Threatening Emergency, After Hours, Weekends And Holidays – Dial 911
Note: All serious injuries must be reported to Supervisor/PI within 8 hours. Note: Any and all loss of
consciousness requires a 911 call
Non-Life Threatening Emergency –
 Students: Seek medical attention at the campus Health Center M, T, Thu, Fr 8:00 am – 4:30 pm
and W 9:00 am – 4:30 pm
 Emergency Medical services in the community are available at any time at hospital emergency
rooms and some emergency care facilities.
For STUDENTS: All injuries must be reported to PI/Supervisor immediately and follow campus injury
reporting. Follow procedures for reporting of student, visitor injury on the EH&S website at:
http://afd.calpoly.edu/riskmgmt/incidentreporting.asp
 Paid staff, students, faculty: seek initial medical attention for all non-life threatening injuries at:


MED STOP, 283 Madonna Road, Suite B (next to See's Candy in Madonna Plaza)
(805) 549-8880 Hours: M-F 8a - 8p; Sat/Sun 8a - 4p
 After MED Stop Hours: Sierra Vista Hospital Emergency Room
1010 Murray Avenue (805) 546-7651, Open 24 hours
For EMPLOYEES: All injuries must be reported to PI/Supervisor immediately and follow campus injury
reporting for employee injuries (Workmen’s Comp.). Follow procedures on the EH&S website at:
http://afd.calpoly.edu/riskmgmt/incidentreporting.asp
Decontamination/Waste Disposal Procedure
General hazardous waste disposal guidelines:
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Label Waste
 Affix a hazardous waste tag on all waste containers as soon as the first drop of waste is added to
the container. Generic waste labels can be found here:
http://afd.calpoly.edu/ehs/docs/hazwaste_label_template.pdf
Store Waste
 Store hazardous waste in closed containers, in secondary containment and in a designated location
 Double-bag dry waste
 Waste must be under the control of the person generating & disposing of it
Dispose of Waste
 Dispose of regularly generated chemical waste as per guidelines on EH&S website at:
http://afd.calpoly.edu/ehs/docs/csb_no6.pdf
 Prepare for transport for pick-up. Use secondary containment.
Call EH&S at (805) 756-6661 for questions.
Empty Containers



Dispose as hazardous waste if container once held extremely hazardous waste (irrespective of the
container size) A list can be found at:
http://afd.calpoly.edu/ehs/docs/extremely_hazardous_wastes.pdf
All other containers are legally empty once a concerted effort is made to remove, pour out, scrape
out, or otherwise completely empty the vessel. These may be disposed of as recycling or common
trash as appropriate.

Safety Data Sheet (SDS) Location
Online SDS can be accessed at: http://siri.org/msds/index.php
or MSDSOnline at: http://hq.msdsonline.com/csuedusl/Search/Default.aspx
or see the attached GOX and ethanol MSDS
Protocol/Procedure (Add lab specific Protocol/Procedure here)
Please see attached AARLITE FIRING PROCEDURES and OXYGEN SERVICE CLEANING
PROCEDURE
NOTE: Any deviation from this SOP requires approval from PI.
Date:

P.I. or Supervisor: Dr. Dianne DeTurris

Signature of P.I. or Supervisor:
Documentation of Training (signature of all users is required)



The Principal Investigator must ensure that his/her laboratory personnel have attended appropriate
laboratory safety training or refresher training within the last one year.
Training must be administered by PI or Lab Manager to all personnel in lab prior to start of work
with particularly hazardous substance or newly synthetic chemical listed in the SOP.
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Refresher training will need to be provided when there is a change to the work procedure, an
accident occurs, or repeat non-compliance.

I have read and understand the content, requirements, and responsibilities of this SOP:
Name

Signature

Date

Appendix G: Microsoft Visual Basic Program Written by Ross Gregoriev
The following code was written by Ross Gregoriev to help filter and compact the data which was obtained
using LabView. The code calculated the moving average on the data from LabView which filtered a large
amount of noise and sharp spikes, and reduced the data from 10,000-30,000 rows to a few hundred rows.
The filtered and compacted data was more manageable, manipulatable, and more easily understood than the
data that came out of LabView.
The code:
Attribute VB_Name = "Module1"
'Allen Editable
Const DividerVal As Double = 100
Sub DoRunningAverage()
'selected range should be somewhere inside the data.
'It assumes contiguous data for everything to work properly
Call RunningAverage(ActiveSheet.Range("A16"), DividerVal)
End Sub
Sub RunningAverage(DataLoc As Range, DividerIn As Double)
Dim tmpArr() As Variant
Dim StartRow As Long
Dim pasteArr() As Variant
Dim pasteArrIndx As Long
Dim DstCol As Integer
tmpArr = DataLoc.CurrentRegion
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For y = LBound(tmpArr, 1) To UBound(tmpArr, 1)
If IsNumeric(tmpArr(y, 1)) And tmpArr(y, 1) = 0 Then
StartRow = y
Exit For
End If
Next
Dim ArrSum As Double
Dim SrcRange As Range
Set SrcRange = DataLoc.CurrentRegion
For x = LBound(tmpArr, 2) To UBound(tmpArr, 2)
pasteArrIndx = 1
ArrSum = 0
For y = StartRow To UBound(tmpArr, 1)
If y Mod DividerIn Then 'IsNumeric(tmpArr(y, x)) And
ArrSum = ArrSum + tmpArr(y, x)
Else
ArrSum = ArrSum + tmpArr(y, x)
ReDim Preserve pasteArr(pasteArrIndx)
pasteArr(pasteArrIndx) = ArrSum / DividerIn
pasteArrIndx = pasteArrIndx + 1
ArrSum = 0
End If
Next
Dim OutArr As Variant
ReDim OutArr(1 To UBound(pasteArr) + 1, 1 To 1)
For i = 1 To UBound(pasteArr)
OutArr(i, 1) = pasteArr(i)
Next
DstCol = SrcRange.Column + SrcRange.Columns.Count + x
With Sheets(DataLoc.Parent.Index)
.Columns(DstCol).Clear
.Range(.Cells(StartRow + SrcRange.Row - 1, DstCol), .Cells(StartRow + UBound(OutArr, 1) +
SrcRange.Row - 3, DstCol)) = OutArr
End With
Next
End Sub

Appendix H: Example Input File to Chemical Equilibrium Application (CEA)
The following is the input file written and given to the CEA program. Access to the program was granted
by Jeff Muss of Sierra Engineering Inc.
reac
oxid O2 wtfrac= 1 t(k)= 293
fuel C2H5OH(L) wtfrac= 1 t(k)= 293
prob case = EthGOX_RO_FAC
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ro, fac ac/at=5,
p(psi)=559.65, o/f = .9586
!o/f = 0.7,1.5,1.8,2.1,2.4,2.7 !longer set of ox/fuel ratios
!note: stoichiometric mix = 2.1
output siunits trace=1.e-15
end
Appendix I: Full Engine Performance and Design Calculations
Calculate the exit velocity:
 Calculate throat and exit conditions (assuming choked CD nozzle)
 Calculate throat and exit conditions (assuming supersonic CD nozzle)
 The nozzle of the engine is calculated to be optimally expanded at sea level
 Exit velocity (12):
𝑉𝑒 = √

o

∗ 𝑅 ∗ 𝑇𝑐 ∗ (1 − (

𝛾−1

√


2𝛾

2∗1.1922
1.1922−1

𝑃𝑎𝑚𝑏
𝑃𝑐

)

𝛾−1
𝛾

∗ 334.9 ∗ 3489.7 ∗ (1 − (

)=

101325
6894757.29

)

1.1922−1
1.1922

) = 𝟐, 𝟔𝟕𝟓

𝒎
𝒔

Exit Mach number (14):
𝑀𝑒 = √

o

2
𝛾−1

((

𝑃𝑐
𝑃𝑎𝑚𝑏

)

𝛾−1
𝛾

− 1) = √

2
1.1922−1

∗ ((

6894757.29
101325

)

1.1922−1
1.1922

− 1) = 𝟑. 𝟏𝟖 𝑴𝒂𝒄𝒉

Thrust Coefficient (12):


𝐶𝑓 = √
√

2𝛾2

(

2

𝛾−1 𝛾+1

2∗1.19222
1.1922−1

∗(

2
1.1922+1

Nozzle Throat and Exit:
 Throat area (12):
𝐹
 𝐴𝑡 =
=
𝐶𝑓 ∗𝑃𝑐

)

𝛾+1
𝛾−1

)

(1 − (
1.1922+1
1.1922−1

444.822

1.60∗6894757.29

Throat radius:



𝑅𝑡 = √



Nozzle expansion ratio (14):
1

𝜋

=√

2

4.03×10−5
𝜋

𝛾−1

𝑃𝑐

)

𝛾−1
𝛾

∗ (1 − (

)=
101325

6894757.29

)

1.1922−1
1.1922

) = 𝟏. 𝟔𝟎

= 𝟒. 𝟎𝟑 × 𝟏𝟎−𝟓 𝒎𝟐 = 𝟎. 𝟎𝟔𝟐𝟓 𝒊𝒏𝟐



𝐴𝑡

𝑃𝑎𝑚𝑏

= 𝟎. 𝟎𝟎𝟑𝟓𝟖 𝒎 = 𝟎. 𝟏𝟒𝟏 𝒊𝒏
𝛾+1
2(𝛾− 1)

1

2



𝜀=




Exit radius:
𝑅𝑒 = 𝑅𝑡 √𝜀 = 0.00358√8.95 = 𝟎. 𝟎𝟏𝟎𝟕 𝒎 = 𝟎. 𝟒𝟐𝟐 𝒊𝒏

𝑀𝑒

(

𝛾+1

(1 +

2

𝑀𝑒2 ))

=

3.18

∗(

1.1922+1

∗ (1 +

1.1922−1
2

Thrust Chamber:
𝐴
 The contraction ratio is the chamber area to throat area ratio: 𝜀𝑐 = 𝑐
𝐴𝑡
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1.1922+1
2∗(1.1922−1)

∗ 3.182 ))

= 𝟖. 𝟗𝟓









The contraction ration should be at least 4 to assure the isentropic flow assumptions are valid for
the design of the engine
Assume chamber is 5 times the size of Rt
Chamber radius:
o 𝑅𝑐,𝑚𝑎𝑥 = 5𝑅𝑡 = 5 ∗ 0.00358 = 𝟎. 𝟎𝟏𝟕𝟗 𝒎 = 𝟎. 𝟕𝟎𝟓 𝒊𝒏
Note, min chamber radius:
o 𝑅𝑐,𝑚𝑖𝑛 = 4𝑅𝑡 = 4 ∗ 0.00358 = 𝟎. 𝟎𝟏𝟒𝟑𝟐 𝒎 = 𝟎. 𝟓𝟔𝟒 𝒊𝒏
Chamber area:
𝐴𝑐,𝑚𝑎𝑥 = 𝜋𝑅𝑐2 = 𝜋 ∗ 0.01792 = 𝟎. 𝟎𝟎𝟏𝟎𝟏 𝒎𝟐 = 𝟏. 𝟓𝟕 𝒊𝒏𝟐
Note, min chamber area:
2
o 𝐴𝑐,𝑚𝑖𝑛 = 𝜋𝑅𝑐,𝑚𝑖𝑛
= 𝜋 ∗ 0.014322 = 𝟎. 𝟎𝟎𝟎𝟔𝟒𝟒𝟐 𝒎𝟐 = 𝟎. 𝟗𝟗𝟖𝟓 𝒊𝒏𝟐



Characteristic chamber length from Johnson (5). He used methanol/GOX, but assume
ethanol/GOX will be close enough:
o 𝐿⋆ = 80𝑖𝑛
2.54
o Convert to metric [m]: 𝐿⋆ = 𝐿⋆ ∗
= 2.032 𝑚





Chamber volume:
𝑉𝑐 = 𝐿⋆ ∗ 𝐴𝑡 = 2.032 ∗ 4.03 × 10−5 = 8.19 × 10−5 𝑚3
Chamber length:



𝐿𝑐 =

100

𝑉𝑐
𝐴𝑐,𝑚𝑎𝑥

=

8.19×10−5
0.00101

= 𝟎. 𝟎𝟖𝟏𝟏 𝒎 = 𝟑. 𝟏𝟗 𝒊𝒏

Mass flow rates:
 Total propellant mass flow rate:
𝐹
444.822
𝒌𝒈
𝒍𝒃𝒎
𝒔𝒍𝒖𝒈
 𝑚̇ = =
= 𝟎. 𝟏𝟔𝟔 = 𝟎. 𝟑𝟔𝟔
= 𝟎. 𝟎𝟏𝟏𝟒






𝑉𝑒

2675




𝒔

𝒔

𝒔

Mixture ratio: 𝑚𝑖𝑥𝑅𝑎𝑡𝑖𝑜𝑠𝑡𝑜𝑖𝑐ℎ𝑜𝑚𝑒𝑡𝑟𝑖𝑐 = 2.1
Oxygen mass flow rate:
𝑚̇
0.166
𝒌𝒈
𝒍𝒃𝒎
𝐬𝐥𝐮𝐠
𝑚̇𝑂𝑥 =
∗ 𝑚𝑖𝑥𝑅𝑎𝑡𝑖𝑜 =
∗ 2.1 = 𝟎. 𝟏𝟏𝟐 = 𝟎. 𝟐𝟒𝟕
= 𝟎. 𝟎𝟎𝟕𝟔𝟕
1 + 𝑚𝑖𝑥𝑅𝑎𝑡𝑖𝑜
1+2.1
𝒔
𝒔
𝐬
Fuel mass flow rate:
𝑚̇
0.166
𝒌𝒈
𝒍𝒃𝒎
𝒔𝒍𝒖𝒈
𝑚̇𝐹𝑢𝑒𝑙 =
=
= 𝟎. 𝟎𝟓𝟑𝟓 = 𝟎. 𝟏𝟏𝟖
= 𝟎. 𝟎𝟎𝟑𝟔𝟔
1 + 𝑚𝑖𝑥𝑅𝑎𝑡𝑖𝑜
1+2.1
𝒔
𝒔
𝒔
o Side note the SCFH are:
𝑆𝐶𝐹𝐻𝑂𝑥 =

𝑅𝑂𝑥 ∗𝑇𝑟𝑜𝑜𝑚
𝑃

∗ 𝑚̇𝑂𝑥 =

48∗530
1500∗144

∗ .3 ∗ 3600 = 𝟏𝟎𝟒. 𝟕

𝒇𝒕𝟑
𝒉𝒓

Total mass of fuel and oxygen used if 𝒕𝒃𝒖𝒓𝒏 = 𝟓 𝒔𝒆𝒄:
o 𝑚𝑂𝑥 = 𝑚̇𝑂𝑥 ∗ 𝑡𝑏𝑢𝑟𝑛 = 0.112 ∗ 5 = 𝟎. 𝟓𝟔𝟎 𝒌𝒈 = 𝟏. 𝟐𝟑𝟐 𝒍𝒃𝒎
o 𝑚𝐹𝑢𝑒𝑙 = 𝑚̇𝐹𝑢𝑒𝑙 ∗ 𝑡𝑏𝑢𝑟𝑛 = 0.0535 ∗ 5 = 𝟎. 𝟐𝟔𝟕𝟓 𝒌𝒈 = 𝟎. 𝟓𝟖𝟖𝟓 𝒍𝒃𝒎
𝑔
o If ethanol’s density is 𝜌𝐹𝑢𝑒𝑙 = 0.789 3 then the volume of ethanol needed per burn is:


𝑣𝐹𝑢𝑒𝑙 =

𝑚𝐹𝑢𝑒𝑙
𝜌𝐹𝑢𝑒𝑙

=

0.2675∗1000
0.789

𝑐𝑚

= 𝟑𝟑𝟗 𝒄𝒎𝟑 = 𝟎. 𝟑𝟑𝟗 𝑳

Specific Impulse (12):
 Total propellant mass flow rate:
𝐹
𝐹
444.822
 𝐼𝑠𝑝 = ̇
= =
= 𝟐𝟕𝟑. 𝟐 𝒔
𝑚 ∗𝑔0

𝑤̇

0.166∗9.81

Appendix J: Pressure Transducers, Load Cells, and Load Cell Conditioners
The five pressure transducers used throughout the test stand are made by Wika, are rated to 3,000 𝑝𝑠𝑖, and
were ordered from McMaster. The transducers’ data sheets are in the following picture and what each
transducer measures is hand written on the data sheets.
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The 200 𝑙𝑏𝑓 and 25 𝑙𝑏𝑓 load cells were made by AmCell and purchased from Tacuna Systems.
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The signal conditioners used to power, amplify, and filter the load cells were purchased from Tacuna
Systems. The conditioners’ data was written on labels on the back of the conditioners.
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Appendix K: CPConnect Funding Proposal
The following are the correspondences with the CPConnect committee at Cal Poly.
Proposal
CPConnect was created to help fund interdisciplinary student projects and the CPConnect group sends a
request for proposals yearly. A proposal was written in 2014 to help several undergraduates from various
departments learn about air augmented rocket research, design, and testing. This funding was crucial to the
successful testing of the many different configurations used in this thesis project. The proposal follows.

102

103

104

105

106

107

108

109

110

111

Proposal Award Letter
After the proposal for funding was submitted CPConnect made their decisions and awarded funds to the
project. The award letter follows. The scoring section of the letter was omitted.

112

Proposal Summary and Thank You Report
A report was written In March 2015 to thank CPConnect for the funding and update them on how the funds
were used. The report follows.
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115

116
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Appendix L: LabView Front Panel and Block Diagram
The following two images are for reference, to understand what the data collection program looked like.
The first image is the front panel and the second image is the block diagram of the program.
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Appendix M: Major Purchases
Order from McMaster, May 29th, 2014. Page 1 of 2
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Order from McMaster, May 29th, 2014. Page 2 of 2

120

Order from Swagelok, November 4th 2014. Page 1 of 3

121

Order from Swagelok, November 4th 2014. Page 2 of 3

122

Order from Swagelok, November 4th 2014. Page 3 of 3

123

Order from McMaster, November 24th 2014. Page 1 of 2

124

Order from McMaster, November 24th 2014. Page 2 of 2

125

Order from Tacuna Systems, November 24 th 2014. Page 1 of 1

126

Order from Western Switches, June 12th 2014. Page 1 of 1

127

Order from Western Switches, June 17th 2014. Page 1 of 1
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Appendix N: Test Matrices
The data collected in all the relevant tests was assembled in Table 10 through Table 13 on the following
pages. The four tables were helpful for fast lookup of the average values and standard deviations of the
mixture ratio, total mass flow rate, combustion chamber pressure, total thrust, duct thrust, and total specific
impulse. With the values in the tables all other values could be calculated, for example the individual mass
flow rates for ethanol and oxygen could be calculated from the total mass flow rate and the mixture ratio.
Also the engine’s thrust could be calculated by subtracting the duct thrust from the total thrust. The data in
the tables was what was referenced by all the plots presented throughout Section 3 and 4. The standard
deviations were used as the error bar values of the means and were included in some of the presented plots.
The tables were organized with the duct configuration along the horizontal and ring configuration along the
vertical. The average values for each respective category were bolded and the standard deviations were not
bolded. The number of significant figures displayed was limited to a reasonable amount for each category
to be understandable even though the data collected during testing went out to many significant figures
because the NI USB-6210 DAQ was 16-bit.
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Table 10: Selected cold flow test data, chamber pressure approximately 𝟏𝟎𝟎 𝒑𝒔𝒊.
Values to report:

No Mixing Duct

Long Duct

1cold

12cold

Ave = 4.23;
Stdev = 0.044

Ave = 4.12;
Stdev = 0.039

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.00681;
Stdev = 0.000046

Ave = 0.00647;
Stdev = 0.000062

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 102.8;
Stdev = 4.24

Ave = 95.7;
Stdev = 3.73

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 8.89;
Stdev = 0.030

Ave = 8.30;
Stdev = 0.019

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = -0.014;
Stdev = 0.002

Ave = 3.35;
Stdev = 0.022

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 40.6;
Stdev = 0.31

Ave = 39.8;
Stdev = 0.36

Test #
Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

𝑠

No Ring

Test #

6cold

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

Ave = 4.21;
Stdev = 0.038

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.00669;
Stdev = 0.000058

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 100.4;
Stdev = 3.47

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 7.91;
Stdev = 0.055

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = 4.06;
Stdev = 0.028

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 36.7;
Stdev = 0.41

𝑠

Solid Ring

Test #

7cold

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

Ave = 4.18;
Stdev = 0.031

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.00665;
Stdev = 0.000051

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 99.7;
Stdev = 3.79

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 7.77;
Stdev = 0.037

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = 3.97;
Stdev = 0.021

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 36. 3;
Stdev = 0.34

𝑠

C-Ring
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Table 11: Nominally 𝟒𝟎𝟎 𝒑𝒔𝒊 chamber pressure test data.
Values to report:
Test #

Long Duct

1

13

10

22

11

23

12

24

Ave = 0.846;
Stdev = 0.017

Ave = 0.709;
Stdev = 0.010

Ave = 0.728;
Stdev = 0.012

Ave = 0.710;
Stdev = 0.010

Ave = 0.720;
Stdev = 0.012

Ave = 0.712;
Stdev = 0.012

Ave = 0.721;
Stdev = 0.011

Ave = 0.00682;
Stdev = 0.00003

Ave = 0.00670;
Stdev = 0.00002

Ave = 0.00680;
Stdev = 0.00002

Ave = 0.00673;
Stdev = 0.00002

Ave = 0.00682;
Stdev = 0.00002

Ave = 0.00672;
Stdev = 0.00003

Ave = 0.00682;
Stdev = 0.00003

Ave = 0.00674;
Stdev = 0.00003

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 391.9;
Stdev = 5.34
Ave = 36.18;
Stdev = 0.16
Ave = -0.012;
Stdev = 0.002
Ave = 163.7;
Stdev = 0.95

Ave = 418.7;
Stdev = 7.50
Ave = 38.37;
Stdev = 0.48
Ave = -0.008;
Stdev = 0.030
Ave = 175.9;
Stdev = 4.00

Ave = 385.2;
Stdev = 5.65
Ave = 34.45;
Stdev = 0.14
Ave = -0.257;
Stdev = 0.024
Ave = 156.8;
Stdev = 2.13

Ave = 394.0;
Stdev = 5.92
Ave = 35.60;
Stdev = 0.12
Ave = -0.231;
Stdev = 0.023
Ave = 163.7;
Stdev = 1.97

Ave = 385.1;
Stdev = 5.22
Ave = 34.93;
Stdev = 0.31
Ave = 0.632;
Stdev = 0.061
Ave = 159.1;
Stdev = 2.03

Ave = 391.9;
Stdev = 6.34
Ave = 35.62;
Stdev = 0.08
Ave = 0.650;
Stdev = 0.017
Ave = 164.2;
Stdev = 2.24

Ave = 383.7;
Stdev = 6.21
Ave = 35.53;
Stdev = 0.19
Ave = 2.717;
Stdev = 0.377
Ave = 161.3;
Stdev = 1.60

Ave = 389.9;
Stdev = 6.12
Ave = 35.74;
Stdev = 0.15
Ave = 2.234;
Stdev = 0.235
Ave = 164.5;
Stdev = 1.51

2

14

4

15

3

16

5

17

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.723;
Stdev = 0.012

Ave = 0.780;
Stdev = 0.011

Ave = 0.725;
Stdev = 0.012

Ave = 0.761;
Stdev = 0.010

Ave = 0.721;
Stdev = 0.013

Ave = 0.763;
Stdev = 0.012

Ave = 0.720;
Stdev = 0.009

Ave = 0.751;
Stdev = 0.011

Ave = 0.00680;
Stdev = 0.00002

Ave = 0.00679;
Stdev = 0.00002

Ave = 0.00682;
Stdev = 0.00002

Ave = 0.00681;
Stdev = 0.00002

Ave = 0.00681;
Stdev = 0.00002

Ave = 0.00679;
Stdev = 0.00002

Ave = 0.00682;
Stdev = 0.00002

Ave = 0.00679;
Stdev = 0.00002

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 391.5;
Stdev = 5.80
Ave = 35.71;
Stdev = 0.17
Ave = -0.011;
Stdev = 0.003
Ave = 162.2;
Stdev = 2.51

Ave = 408.3;
Stdev = 6.30
Ave = 37.78;
Stdev = 0.18
Ave = 0.009;
Stdev = 0.003
Ave = 172.1;
Stdev = 1.03

Ave = 390.5;
Stdev = 6.06
Ave = 34.20;
Stdev = 0.21
Ave = -0.608;
Stdev = 0.036
Ave = 154.7;
Stdev = 1.95

Ave = 406.8;
Stdev = 7.05
Ave = 35.95;
Stdev = 0.24
Ave = -0.468;
Stdev = 0.033
Ave = 163.1;
Stdev = 2.16

Ave = 390.8;
Stdev = 6.78
Ave = 35.19;
Stdev = 0.24
Ave = 0.551;
Stdev = 0.030
Ave = 159.5;
Stdev = 2.44

Ave = 406.2;
Stdev = 5.71
Ave = 36.56;
Stdev = 0.14
Ave = 0.475;
Stdev = 0.017
Ave = 166.8;
Stdev = 1.53

Ave = 388.4;
Stdev = 5.45
Ave = 34.55;
Stdev = 0.32
Ave = 3.25;
Stdev = 0.301
Ave = 157.3;
Stdev = 2.03

Ave = 402. 7;
Stdev = 6.49
Ave = 36.22;
Stdev = 0.14
Ave = 2.76;
Stdev = 0.153
Ave = 165.3;
Stdev = 1.83

6

18

8

19

7

20

9

21

𝑠

Test #
Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.718;
Stdev = 0.010

Ave = 0.749;
Stdev = 0.012

Ave = 0.715;
Stdev = 0.010

Ave = 0.741;
Stdev = 0.011

Ave = 0.715;
Stdev = 0.013

Ave = 0.742;
Stdev = 0.011

Ave = 0.715;
Stdev = 0.011

Ave = 0.738;
Stdev = 0.012

Ave = 0.00682;
Stdev = 0.00002

Ave = 0.00678;
Stdev = 0.00003

Ave = 0.00682;
Stdev = 0.00002

Ave = 0.00677;
Stdev = 0.00002

Ave = 0.00681;
Stdev = 0.00003

Ave = 0.00675;
Stdev = 0.00002

Ave = 0.00683;
Stdev = 0.00002

Ave = 0.00675;
Stdev = 0.00002

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 387.9;
Stdev = 6.26
Ave = 35.33;
Stdev = 0.14
Ave = -0.010;
Stdev = 0.14
Ave = 159.8;
Stdev = 2.27

Ave = 400.7;
Stdev = 6.42
Ave = 36.21;
Stdev = 0.14
Ave = -0.007;
Stdev = 0.003
Ave = 165.6;
Stdev = 1.99

Ave = 387.4;
Stdev = 5.87
Ave = 33.80;
Stdev = 0.23
Ave = -0.542;
Stdev = 0.042
Ave = 152.3;
Stdev = 3.47

Ave = 399.9;
Stdev = 5.79
Ave = 34.76;
Stdev = 0.16
Ave = -0.455;
Stdev = 0.052
Ave = 158.9;
Stdev = 2.10

Ave = 388.7;
Stdev = 5.11
Ave = 34.74;
Stdev = 0.22
Ave = 0.485;
Stdev = 0.014
Ave = 157.2;
Stdev = 2.88

Ave = 396.9;
Stdev = 6.35
Ave = 35.39;
Stdev = 0.11
Ave = 0.481;
Stdev = 0.019
Ave = 162.3;
Stdev = 1.71

Ave = 386.2;
Stdev = 6.40
Ave = 34.46;
Stdev = 0.22
Ave = 3.36;
Stdev = 0.273
Ave = 155.2;
Stdev = 3.73

Ave = 397.0;
Stdev = 4.55
Ave = 35.39;
Stdev = 0.09
Ave = 2.83;
Stdev = 0.294
Ave = 162.5;
Stdev = 1.84

𝑠

C-Ring

Short Duct

Ave = 0.724;
Stdev = 0.015

Test #

Solid Ring

Diverging Duct

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)
𝑠

No Ring

No Mixing Duct
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Table 12: Nominally 𝟓𝟓𝟎 𝒑𝒔𝒊 chamber pressure test data.
Values to report:
Test #

Long Duct

25

40

34

39

35

38

36

37

Ave = 0.765;
Stdev = 0.005

Ave = 0.873;
Stdev = 0.005

Ave = 0.773;
Stdev = 0.008

Ave = 0.866;
Stdev = 0.007

Ave = 0.784;
Stdev = 0.007

Ave = 0.861;
Stdev = 0.006

Ave = 0.789;
Stdev = 0.007

Ave = 0.00839;
Stdev = 0.00002

Ave = 0.00834;
Stdev = 0.00001

Ave = 0.00850;
Stdev = 0.00001

Ave = 0.00838;
Stdev = 0.00002

Ave = 0.00852;
Stdev = 0.00002

Ave = 0.00839;
Stdev = 0.00001

Ave = 0.00845;
Stdev = 0.00002

Ave = 0.00838;
Stdev = 0.00002

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 581.2;
Stdev = 8.12
Ave = 54.95;
Stdev = 0.23
Ave = -0.011;
Stdev = 0.003
Ave = 202.8;
Stdev = 0.66

Ave = 501.7;
Stdev = 5.48
Ave = 47.01;
Stdev = 0.15
Ave = -0.031;
Stdev = 0.008
Ave = 174.9;
Stdev = 1.41

Ave = 547.0;
Stdev = 5.19
Ave = 50.76;
Stdev = 0.13
Ave = -0.250;
Stdev = 0.010
Ave = 185.4;
Stdev = 1.01

Ave = 503.9;
Stdev = 6.58
Ave = 46.48;
Stdev = 0.24
Ave = -0.349;
Stdev = 0.028
Ave = 173.1;
Stdev = 1.23

Ave = 544.9;
Stdev = 5.70
Ave = 50.91;
Stdev = 0.14
Ave = 0.725;
Stdev = 0.056
Ave = 185.3;
Stdev = 1.03

Ave = 508.3;
Stdev = 7.14
Ave = 47.43;
Stdev = 0.11
Ave = 0.696;
Stdev = 0.053
Ave = 175.0;
Stdev = 0.74

Ave = 537.8;
Stdev = 7.79
Ave = 50.96;
Stdev = 0.21
Ave = 1.927;
Stdev = 0.148
Ave = 187.0;
Stdev = 1.51

Ave = 513.3;
Stdev = 5.12
Ave = 48.33;
Stdev = 0.18
Ave = 2.618;
Stdev = 0.213
Ave = 178.7;
Stdev = 1.04

26

41

31

46

32

47

33

48

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.968;
Stdev = 0.010

Ave = 0.761;
Stdev = 0.005

Ave = 0.931;
Stdev = 0.003

Ave = 0.887;
Stdev = 0.004

Ave = 0.892;
Stdev = 0.003

Ave = 0.883;
Stdev = 0.005

Ave = 0.884;
Stdev = 0.006

Ave = 0.881;
Stdev = 0.007

Ave = 0.00853;
Stdev = 0.00003

Ave = 0.00829;
Stdev = 0.00001

Ave = 0.00855;
Stdev = 0.00002

Ave = 0.00847;
Stdev = 0.00001

Ave = 0.00852;
Stdev = 0.00002

Ave = 0.00844;
Stdev = 0.00001

Ave = 0.00853;
Stdev = 0.00002

Ave = 0.00843;
Stdev = 0.00001

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 579.3;
Stdev = 7.97
Ave = 54.30;
Stdev = 0.21
Ave = -0.010;
Stdev = 0.003
Ave = 197.1;
Stdev = 2.18

Ave = 497.0;
Stdev = 4.33
Ave = 45.76;
Stdev = 0.28
Ave = -0.017;
Stdev = 0.010
Ave = 172.4;
Stdev = 1.49

Ave = 564.8;
Stdev = 8.29
Ave = 53.11;
Stdev = 0.20
Ave = -0.165;
Stdev = 0.014
Ave = 192.2;
Stdev = 2.03

Ave = 554.4;
Stdev = 7.03
Ave = 51.55;
Stdev = 0.20
Ave = -0.191;
Stdev = 0.020
Ave = 188.4;
Stdev = 0.36

Ave = 549.4;
Stdev = 7.58
Ave = 51.36;
Stdev = 0.14
Ave = 0.265;
Stdev = 0.018
Ave = 186.7;
Stdev = 0.75

Ave = 551.4;
Stdev = 7.92
Ave = 51.58;
Stdev = 0.20
Ave = 0.409;
Stdev = 0.024
Ave = 189.0;
Stdev = 0.68

Ave = 549.9;
Stdev = 6.23
Ave = 51.36;
Stdev = 0.28
Ave = 2.369;
Stdev = 0.081
Ave = 186.7;
Stdev = 1.06

Ave = 549.1;
Stdev = 8.65
Ave = 51.46;
Stdev = 0.28
Ave = 2.291;
Stdev = 0.109
Ave = 188.7;
Stdev = 1.40

27

42

28

43

29

44

30

45

𝑠

Test #
Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.955;
Stdev = 0.003

Ave = 0.747;
Stdev = 0.009

Ave = 0.957;
Stdev = 0.006

Ave = 0.886;
Stdev = 0.003

Ave = 0.948;
Stdev = 0.004

Ave = 0.886;
Stdev = 0.005

Ave = 0.936;
Stdev = 0.006

Ave = 0.883;
Stdev = 0.006

Ave = 0.00854;
Stdev = 0.00003

Ave = 0.00831;
Stdev = 0.00002

Ave = 0.00860;
Stdev = 0.00003

Ave = 0.00845;
Stdev = 0.00001

Ave = 0.00856;
Stdev = 0.00003

Ave = 0.00845;
Stdev = 0.00001

Ave = 0.00859;
Stdev = 0.00002

Ave = 0.00847;
Stdev = 0.00001

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)
Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)
Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)
Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 576.3;
Stdev = 6.13
Ave = 53.87;
Stdev = 0.16
Ave = -0.013;
Stdev = 0.005
Ave = 195.1;
Stdev = 2.34

Ave = 492.8;
Stdev = 4.56
Ave = 45.24;
Stdev = 0.32
Ave = -0.020;
Stdev = 0.005
Ave = 168.9;
Stdev = 2.25

Ave = 568.5;
Stdev = 8.96
Ave = 53.13;
Stdev = 0.14
Ave = -0.184;
Stdev = 0.013
Ave = 191.2;
Stdev = 2.08

Ave = 559.7;
Stdev = 6.71
Ave = 51.73;
Stdev = 0.15
Ave = -0.167;
Stdev = 0.020
Ave = 189.4;
Stdev = 1.07

Ave = 570.6;
Stdev = 8.20
Ave = 53.43;
Stdev = 0.17
Ave = 0.393;
Stdev = 0.019
Ave = 193.3;
Stdev = 2.17

Ave = 559.6;
Stdev = 5.44
Ave = 51.66;
Stdev = 0.20
Ave = 0.383;
Stdev = 0.028
Ave = 189.1;
Stdev = 0.61

Ave = 567.5;
Stdev = 6.92
Ave = 53.42;
Stdev = 0.19
Ave = 1.85;
Stdev = 0.086
Ave = 192.4;
Stdev = 1.81

Ave = 558.3;
Stdev = 6.18
Ave = 51.76;
Stdev = 0.24
Ave = 2.31;
Stdev = 0.106
Ave = 189.1;
Stdev = 0.43

𝑠

C-Ring

Short Duct

Ave = 1.01;
Stdev = 0.010

Test #

Solid Ring

Diverging Duct

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)
𝑠

No Ring

No Mixing Duct
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Table 13: Nominally 𝟔𝟖𝟎 𝒑𝒔𝒊 chamber pressure test data.
Values to report:
Test #

53

54

Ave = 0.973;
Stdev = 0.006

Ave = 0.975;
Stdev = 0.016

Ave = 0.941;
Stdev = 0.010

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.00995;
Stdev = 0.00001

Ave = 0.0101;
Stdev = 0.00003

Ave = 0.0100;
Stdev = 0.00002

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 673.5;
Stdev = 5.04

Ave = 687.3;
Stdev = 6.18

Ave = 674.7;
Stdev = 6.11

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 64.83;
Stdev = 0.16

Ave = 66.16;
Stdev = 0.11

Ave = 64.79;
Stdev = 0.16

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = -0.026;
Stdev = 0.002

Ave = 1.620;
Stdev = 0.054

Ave = 1.569;
Stdev = 0.052

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 202.7;
Stdev = 0.66

Ave = 202.8;
Stdev = 1.08

Ave = 200.8;
Stdev = 1.11

51

50

Ave = 0.993;
Stdev = 0.010

Ave = 0.951;
Stdev = 0.015

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.0101;
Stdev = 0.00002

Ave = 0.0100;
Stdev = 0.00003

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 696.3;
Stdev = 5.94

Ave = 678.3;
Stdev = 6.14

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 65.90;
Stdev = 0.12

Ave = 64.27;
Stdev = 0.13

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = 1.926;
Stdev = 0.073

Ave = 2.167;
Stdev = 0.060

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 201.9;
Stdev = 0.67

Ave = 199.3;
Stdev = 0.94

52

49

Ave = 0.984;
Stdev = 0.010

Ave = 0.952;
Stdev = 0.012

Primary Mass Flow
𝑠𝑙𝑢𝑔
Rate [𝑚̇] (
)

Ave = 0.0101;
Stdev = 0.00002

Ave = 0.0100;
Stdev = 0.00003

Chamber Pressure
[𝑃𝑐 ] (𝑝𝑠𝑖)

Ave = 693.2;
Stdev = 5.08

Ave = 677.3;
Stdev = 5.93

Total Thrust [𝐹𝑡𝑜𝑡 ]
(𝑙𝑏𝑓)

Ave = 65.28;
Stdev = 0.12

Ave = 64.75;
Stdev = 0.14

Mixing Duct Thrust
[𝐹𝑑𝑢𝑐𝑡 ] (𝑙𝑏𝑓)

Ave = 1.985;
Stdev = 0.039

Ave = 2.122;
Stdev = 0.048

Total Specific
Impulse [𝐼𝑠𝑝 ] (𝑠)

Ave = 199.8;
Stdev = 0.67

Ave = 199.8;
Stdev = 0.93

𝑠

Test #
Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

𝑠

Solid Ring

Test #
Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

𝑠

C-Ring

Long Duct

55

Mixture Ratio [𝑟]
(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

No Ring

No Mixing Duct
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Appendix O: AARLITE Firing
The combustion pressure was approximately 700 psi, no mixing duct, no annular cavity. Beautiful view of
the mach diamonds and two testing personel can be seen in the background inside the bullet resistant
(perfectly safe) testing control room.
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